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Introduction. 

The  area  of  organometallic  chemistry  has  shown  considerable 
advancement  in  the  past  thirty  years.  The  interest  in  this  area  of 
chemical  research  is  documented  in  a  number  of  publications  and  in 
the  establishment  of  several  new  specialized  journals,  e.g.,  Journal  of 
Organometallic  Chemistry  (Elsevier  Publishing),  Transition  Metal 
Chemistry  (Verlag  Chemie),  and  Organometallics  (American  Chemical 
Society),  originating  in  1963,  1976,  and  1981,  respectively. 

In  the  early  1970' s,  the  first  publications  appeared  concerning 
the  ion/molecule  reactions  of  transition  metal  complex  positive  and 
negative  ions  in  the  gas  phase.   In  these  studies,  ion  cyclotron 

resonance  (ICR)  spectrometry  was  used  to  monitor  the  reactions.  There 

3 
are  currently  a  number  of  groups  active  in  gas-phase  research,   and 

4  5 
the  ion/molecule  chemistry  of  anionic  transition  metal  atoms  '  and 

3  5 
complexes  ■  is  a  major  thrust. 

A  second  gas-phase  method,  the  flowing  afterglow  (FA)  apparatus, 

Of  c 

has  been  employed  in  a  number  of  similar  investigations  '  and  was 
developed  in  the  early  I960' s  by  Ferguson,  Fehsenfeld,  and 
Schmeltekoff  at  the  U.S.  Department  of  Commerce  National  Oceanic  and 
Atmospheric  Administration  Laboratories  in  Boulder,  Colorado.  The 
advantage  of  the  FA  vs.  the  ICR  experiments  is  that  the  ion/molecule 
reactions  are  carried  out  at  a  relatively  high  pressure  of  a  buffer  gas 
(>  0.2  torr)  assuring  that  the  ion  is  in  its  vibrational  ground  state 

prior  to  reaction  with  added  neutral  reagents.  The  ICR,  however,  is 

_5 

operated  at  low  pressure  (<  10   torr),  such  that   collisional 

stabilization  of  the  ions  is  substantially  diminished. 
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I.  The  Chemistry  of  (C0)2Fe*"  and  (C0)3Mrf,  and  Related  Complexes. 

I. A.  Background. 

I.A.I.  Condensed  Phase  Background  Literature. 

The  reactions  which  are  considered  in  this  section  are  C-H,  N-H, 
and  C-F  bond  activation,  0-  and  a-hydride  migrations,  and  ligand 
substitution  reactions.  C-H,  N-H  and  C-F  bond  activation  refer  to  the 
oxidative  insertion  reaction  (eq  1)  in  which  a  metal  complex  inserts 
into  a  generic  X-Y  bond.8  Likewise,  0-   and  a-hydride  migration  refer 

to  an  intramolecular  oxidative  insertion  of  a  X-H  bond,  where  fi-   or  a- 

g 
refer  to  the  position  of  X  relative  to  the  metal.   Equation  2 

illustrates  /5-hydride  migration. 

I 

M  +  X-Y  — »  M— Y  (1) 

H«X=CH« 
M— CH2XH3  — ♦    M— H  (2) 

I.A.I. a.  C-H  Bond  Activation. 

The  basis  of  transition  metal  catalysis  centers  on  the  oxidative 
insertion  reaction.  C-H  bond  activation  is  a  specific  oxidative 
insertion  reaction  which  has  been  the  subject  of  many  reviews.  The 
initial  requirement  for  an  oxidative  insertion  reaction  is  that  the 
transition  metal  complex  must  have  a  vacant  coordination  site  on  the 
metal.  This  requirement  was  derived  from  Tolman's  18-electron  rule 
which  stated  that  (a)  diamagnetic  organometallic  transition  metal 
complexes   existed   in   significant   concentrations   at   moderate 


temperatures  only  if  the  metal  valence  shell  contained  16-  or  18- 
electrons,  and  (b)  organometallic  reactions  proceeded  by  elementary 
steps  involving  species  that  possess  16-  or  18-electrons.  The 
number  of  valence  electrons  (NVE)  for  a  given  complex  was  defined  as 
the  number  of  s,  p,  and  d  valence  electrons  from  the  metal  as  well  as 
those  donated  to  the  metal  by  any  ligands  bonded  in  the  complex. 
However,  for  every  rule  there  were  exceptions,  most  notably  VC1.  (NVE  = 
9),  TaF72"  (NVE  =  14),  NiFg4"  (NVE  =  20),  and  Ni(H20)g2+  (NVE  =  20). U 
Insertion  of  a  metal  center  into  a  C-H  bond  could  occur  by  an 
intermolecular  (eq  3)  or  an  intramolecular  oxidative  addition  mechanism 
(eq  4).  The  intramolecular  C-H  oxidative  addition,  also  known  as 


M  +  C-H  — ►  H-M-C  (3) 

M  C-H  — ►  H-M— C  (4) 


12 
cyclometalation    (eq  4)  or  orthometalation  when  an  o-aromatic  C-H 

bond  is  involved,  are  common.   The  first  isolated  cyclometalation 

product  was  reported  by  Kleiman  in  1963  which  involved  the  aryl  C-H 

13 
bonds  of  azobenzene.    Since  that  time,  cyclometalation  has  been  an 

important  process  in  the  activation  of  C-H  bonds  in  alkanes.  '   ' 

15 
More  recently,  Hawthorne  and  co-workers    utilized   thermal   and 

photochemical  decomposition  of  metallocycles  to  generate  coordinatively 

unsaturated  iridium  complexes  which  oxidatively  inserted  into  the  C-H 

bonds  of  coordinated  alkyl  and  aryl  groups.   The  cyclometalation 

reaction  was  found  to  be  accelerated  by  severe  steric  strain  in  the 


starting  transition  metal  complex  due  to  the  stable  metallocycle  that 
was  formed. 

Intermolecular  C-H  oxidative  insertion  was  a  less  common 
occurrence  than  intramolecular  C-H  insertion.  '  This  was 
presumably  due  to  the  entropic  advantage  to  be  gained  in  the 
intramolecular  reaction  and  to  the  thermodynamic  stability  of  the 
cycloadduct.   The  earliest  examples  of  intermolecular  C-H  insertion 

involved  compounds  which  were  believed  to  first  form  a  7r-complex  with 

18 
the  metal  prior  to  C-H  oxidative  insertion  reaction  (eq  5).    These 

M  H 

M  +  C=C-H  — ►  C=C-H  — ►  C=C— M  (5) 

examples  of  intermolecular  C-H  oxidative  insertion  involve  insertion 

into  aryl  C-H  bonds  via  prior  7r-complexation  due  to  the  direct 

2  1     19 

observation  of  an  r?  -arene  complex  by  H  NMR.    However,  Stoutland 

5 
and  Bergman  suggested  that  in  the  reaction  of  (r?  -C5Me5)(PMe3)IrH2  (1) 

with  ethylene,  oxidative  addition  occurs  "with  concurrent,  but  not 

prior  formation  of  the  ^-complex"  due  to  the  observation  of  invariant 

20 
ratios  of  both  the  7r-complex  and  the  C-H  insertion  complex.    This 

was  later  confirmed  by  an  isotopic  labeling  study  which  proved  that  the 

fl-complex  was  not  an  intermediate  in  the  formation  of  the  iridium  vinyl 

hydride  complex  due  to  the  different  isotope  effects  observed  for 


formation  of  the  w-complex  (0.82)  and  the  vinyl  hydride  complex 

21 
(1.18).    In  the  reaction  of  arenes  with  D2  catalyzed  by  transition 

metal  complexes,  Parshall  suggested  that  H/D  exchange  occurred  by  a 
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coordinatively  unsaturated  7?2-C6H6  metal  complex.  °  This  process  was 
later  confirmed  by  Jones  and  Fehrer  from  data  for  the  decomposition  of 
(C5Me5)Rh(PMe2CH2Ph) (Ph) (H) . 19b 

Oxidative  insertion  into  C-H  bonds  of  saturated  hydrocarbons  had 
eluded  researchers  until  1982  when  the  first  examples  of  intermolecular 
C-H  oxidative  addition  reactions  with  alkanes  was  reported  by  Bergman 
and  Janowicz  (eq  6).22  This  was  quickly  followed  by  a  similar  report 

(r/5-C5Me5)(PMe3)IrH2  -jjj^  (r?5-C5H5)(PMe3)Ir(H)(R)         (6) 
1 

R  =  CgHc>  £"CgHii>  CHpC^CHUjo 

23 
by  Hoyano  and  Graham.    This  was  a  significant  discovery  since 

saturated  hydrocarbons  are  abundant  industrial  materials,  but  are 

generally  unreactive  in  the  absence  of  a  catalyst.  This  is  because  the 

24 
alkane  C-H  bond  is  strong  (D°  =  104  kcal/mole  in  CH4)   relative  to 

the  product  M-H  bond  (D°  =  29.6  kcal/mole  in  Fe-H)25  and  M-C  bonds  (D° 

=  68  kcals/mol  in  Fe-CH3).26  Before  1982,  the  only  suggestion  of  C-H 

bond  activation  with  saturated  hydrocarbons  was  with  coordinatively 

27 
unsaturated  species  generated  from  Ir  and  Re  complexes.    However, 

both  of  these  systems  involved  multiple  hydrogen  atom  loss  from  the 

hydrocarbon  and  required  the  addition  of  an  alkene  as  a  hydrogen 

acceptor  where  hydrogenation  of  the  alkene  was  suggested  to  occur  by 

activation  of  the  alkane  C-H  bonds.  In  addition,  the  metal  complexes 

reacted  preferentially  with  RH  versus  the  methylene  chloride  solvent. 

Janowicz  and  Bergman  irradiated  1  with  RH  molecules  as  solvent 

which  gave  the  corresponding  C-H  bond  oxidative  insertion  product  4  in 

28 
eq  7.    This  was  the  first  instance  of  intermolecular  oxidative 


insertion  of  a  completely  unactivated  hydrocarbon.  When  1  was 
irradiated  in  the  presence  of  a  1:1  mixture  of  neopentane  and 
cyclohexane,  53%  of  the  product  was  insertion  the  C-H  bond  of 
neopentane.   This  indicated  that  insertion  slightly  favored  primary 

over  secondary  C-H  bonds  and  that  a  radical  mechanism  was  not  involved. 

28 
The  proposed  mechanism  is  given  in  equation  7. 

.H 

Cp*LIrH2  ^  [Cp*LIr]  -^  [Cp*LIr:*i]t  ►  Cp*LIr(H)(R)   (7) 

2  '*R 

12  3  4 

Cp*=  r/5-C5Me5,  L  =  PMe3 

Briefly,  irradiation  of  1  was  proposed  to  lead  to  an  excited 

electronic  state  which  rapidly  eliminates  H2  forming  the  coordinatively 

unsaturated  complex  2  as  a  transient  intermediate.  The  reactive  16- 

electron  complex  2  underwent  oxidative  insertion  into  the  C-H  bond  of 

the  solvent  RH  molecule  via  a  three-centered  transition  state  3  which 

yields  the  product  4.  A  radical  mechanism,  as  shown  in  Scheme  I,  was 

ruled  out.  Mechanism  A  was  tested  by  irradiation  of  1  in  the  presence 


Scheme  I 


(A)  Cp*LIrH2  -&£♦  CpLIrH.  +  H- 

H.  +  RH  ►  H2  +  R. 

Cp*LIrH-  +  R.  ►  Cp*LIr(H)(R) 

(B)  Cp*LIrH2  -^  Cp*LIr  +  H£ 

Cp*LIr  +  RH  ►  Cp*LIrH-  +  R. 

Cp*LIrH-  +  R.  ►  Cp*IrL(H)(R) 
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of  CgDg.  The  only  product  of  the  reaction  was  Cp  LIr(D)(CgD5)  and  W^- 
If  the  radical  mechanism  A  was  operating,  there  resulting  products 
should  have  been  Cp  LIr(H)(CgD5)  and  HD.  Mechanism  B  was  tested  by  a 
competition  experiment  in  which  1  was  irradiated  in  the  presence  of  p_- 
xylene.  If  mechanism  B  were  operating,  the  16-electron  intermediate 
should  attack  the  benzyl ic  C-H  bonds  preferentially  over  the  aromatic 
C-H  bonds  based  on  the  different  bond  dissociation  energies 
(D°(C6H5CH2-H)  =  88.0+1  kcal/mol,  D°(CgH5-H)  =  110. 9±2  kcal/mol).29 

However,  attack  occurred  3.7  times  faster  at  the  aromatic  ring  than  at 

28 
the  methyl  groups.    However,  the  assumption  that  C-H  bond  activation 

would  depend  primarily  on  the  C-H  bond  that  was  broken  is  only  partly 

true.  C-H  bond  activation  also  depends  on  the  strength  of  the  M-C  and 

M-H  bonds  that  are  being  formed.  In  this  case,  it  was  recently  shown 

that  the  results  of  preferential  attack  on  the  aromatic  C-H  bonds  was 

30 
due  to  the  very  strong  Ir-Ph  bond  (D°  =  80.6  kcal/mol)   that  was 

formed  relative  to  the  Ir-CH3  bond  (D*  =   32.4   kcal/mol)   in 

(PMe3)2(Cl)(C0)Ir(CH3)2.30 

Further  evidence  to  rule  out  mechanism  B  was  shown  in  the  reaction 

of  1  with  cyclopropane.   Cyclopropane  has  relatively  weak  C-C  bonds 

(the  typical  D'(C-C)  for  alkanes  is  80  kcal/mol  and  insertion  into  the 

29 

cyclcopropane  ring  would  also  relieve  ring  strain),   and  relatively 

29 
strong  C-H  bonds  (D*  =  106  kcal/mol)   due  to  the  large  amount  of  s- 

31 

character  in  the  C-H  bonds.     Due  to  the  large  C-H  bond  strengths 

alkyl  radicals  abstract  hydrogen  from  cyclopropane  very  slowly.  Based 
on  the  weak  C-C  bond  strength,  one  might  expect  the  iridium  complex  2 
to  insert  preferentially  into  the  C-C  bond  over  the  C-H  bond.  However, 
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the  resulting  product  from  irradiation  of  1  in  cyclopropane  at  -35°  C 

28 

was  the  hydrido  cyclopropyl  complex.    It  had  been  shown  that  the 

hydrido     cyclopropyl     rhodium    complex    (Cp  (PMe3)Rh(2,2- 
dimethylcyclopropyl)(H)  rearraged  to  the  C-C  bond  activation  product 


(Cp*(PMe3)RhCH2CMe2CH2)  at  higher  temperatures  (-15°  C).32 

Confident  of  the  three-centered  oxidative  insertion  mechanism, 
Janowicz  and  Bergman  set  out  to  determine  relative  rates  of  C-H 
insertion  with  a  variety  of  hydrocarbons  in  the  presence  of 
Cp*LIr(H)(H)  and  Cp*LRh(H)(H) .28'33   These  data,  summarized  in  Table 

I,  illustrated  the  selectivity  differences  between  the  Rh  and  Ir 

1        13 
complexes  as  determined  by   H  and    C  NMR.  The  rhodium  complex 

appeared  to  oxidatively  insert  specifically  into  primary  C-H  bonds  in 

the  presence  of  secondary  C-H  bonds  while  the  iridium  complex  showed  a 

preference  for  primary  C-H  bonds,  but  would  insert  into  secondary  C-H 

bonds.   The  results  of  these  studies  indicated  that  the  reactive 

intermediate  preferred  to  attack  the  bonds  having  the  larger  bond 

dissociation  energies,  i.e.,  acyclic  primary,  aromatic  and  cyclopropane 

C-H  bonds  over  those  with  lower  bond  dissociation  energies,  i.e., 

secondary,  tertiary,  and  benzyl ic  C-H  bonds.   In  a  similar  study, 

5 
Bergman  and  co-workers  irradiated  (77  -C,-Me5)Re(PMe3)3,  which   was 

5 
thought   to   produce  the  coordinatively  unsaturated  complex  (77  - 

C5Me5)Re(PMe3)2.    This  intermediate  was  found  to  oxidatively  insert 

into  cyclopropyl,  aromatic,  vinyl,  methyl,  and  primary  C-H  bonds,  but 

not  into  secondary  or  tertiary. 


To  investigate  why  metals  appeared  to  add  faster  to  the  strongest 


Table  I.  Relative  Rates  for  C-H  Oxidative  Insertion  per  C-H  Bond 

iti  or 

a,b 


by   Irradiation   of  Cp*LIr(H)(H)a  and  Cp*LRh(H)(H)  with  the 


Hydrocarbon. 


Hydrocarbon 

krel(Rh) 

kreldr) 

£-C6H12 

1.0 

1.0 

£~C5H10 

1.8 

1.1 

c-C3H6 

10.4 

2.1 

c-C7HH 

0.14 



£"C8H16 

0.06 

0.09 

-"C10H20 



0.23 

HC(CH3)3 

3.6 



C6H6 

19.5 

3.9 

C(CH3)4 



1.14 

CH-jCHnCHo 

2.5 

1.5 

CH3(CH2)4CH3 

5.9 

2.7(1.0)c 

CH2=CH2 

2.4 



CH3CH3 

2.0 



aCp*  =  (r;5-C5Me5),  L  =  (PMe3).  bRef.  33a.  Secondary  C-H  bond, 


bonds  in  the  alkane,  Periana  and  Bergman  investigated  the  C-H  oxidative 

insertion   mechanism   with   the   reactive   metal   species    (jj  - 

33c 
C5Me5)Rh(PMe3) .  *    This   coordinatively  unsaturated  fragment  was 
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generated  either  by  irradiation  of  (n5-C5Me5)Rh(PMe3) (H) (H)  or  thermal 
decomposition  of  (n5-C5Me5)Rh(PMe3)(H)(neopentyl) .  The  authors 
observed  that  this  reactive  metal  species  exclusively  formed  the 
oxidative  insertion  products  from  primary  C-H  bonds,  but  that  the 
relative  rate  constants  correlated  to  the  number  of  secondary  C-H  bonds 
in  the  alkane.  Using  specifically  deuterium  labelled  alkanes,  the 
authors  concluded  that  oxidative  insertion  occurred  in  all  the  C-H 
bonds  of  the  alkane,  which  then  underwent  fast  intramolecular 
rearrangements  to  yield  the  primary  C-H  bond  insertion  products  even  at 
-100  'C.33c 

Using  competition  experiments,  Jones  and  Feher  observed  that 

aliphatic   and   aromatic   C-H   oxidative   insertion   favored  the 

34 
intermolecular  process  when  the  hydrocarbon  was   the   solvent. 

However,   they   also   found  a  high  thermodynamic  preference  for 

intramolecular  C-H  bond  activation  in  alkyl  and  aryl  ligands.   This 

presents  the  intuition  that  unimolecular  reactions  to  form  five  or  six 

membered  rings  are  favored  over  bimolecular  reactions  in  thermodynamic 

terms  but  not  in  kinetic  terms.   For  C-H  insertion  reactions,  the 

implication  is  that  for  the  many  metal  containing  molecules  known  to 

activate  C-H  bonds  intramolecularly,  the  products  of  intermolecular  C-H 

insertion  may  have  been  overlooked  due  to  a  lack  of  thermal  stability 

34 
of  the  hydridoalkyl  metal  complex. 

Crabtree  recently  summarized  the  requirements  for  a  transition 

metal  complex  to  bring  about  intermolecular  alkane  C-H  oxidative 

addition.     (a)  The  transition  metal  complex  must  be  coordinatively 

unsaturated  or  have  the  potential  to  become  so  through  thermal, 
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chemical,  or  photochemical  means,  (b)  The  metals  of  choice  are  the 

second  row  and,  especially,  the  third  row  transition  metals  due  to 

their  strong  M-C  and  M-H  bonds,  (c)  The  coordinatively  unsaturated  Ml_n 

molecule  should  be  sterically  uncongested.  (d)  The  ligands  around  the 

metal  should  not  be  able  to  undergo  cyclometalation  as  this  could  shut 

down  the  intermolecular  oxidative  addition  reaction  channel,  (e)  The 

* 
metal  should  have  a  filled  orbital  able  to  interact  with  the  C-H  a 

orbital.   (f)  Coordination  of  the  alkane  is  necessary  and  can  be 

facilitated  by  using  the  alkane  in  as  high  a  concentration  as  possible, 

preferably  as  neat  solvent. 

I.A.l.b.  Hydride  Migrations  and  Eliminations. 

In  surveying  the  literature,  there  seemed  to  be  a  conflict  in 
terminology  as  to  what  the  term  a-  or  ^-elimination  actually  means.  In 
most  cases,  ^-elimination  refers  to  the  process  of  a  ^-hydrogen 
migrating  from  a  ligand  to  the  metal  center,  M,  with  concurrent 
formation  of  an  alkene  ligand  (eq  8).  However,  other  authors  use  the 
term  ^-elimination  to  refer  to  a  0-hydride  migration  and  loss  of  the 
hydrogen  donating  ligand  from  the  metal  center  (eq  9).  In  contrast,  o;- 
elimination  almost  always  denotes  migration  of  an  alpha  hydrogen  to  the 
metal   center  with  formation  of  the  resulting  carbene  (eq  10). 


Therefore,  in  the  present  context,  a-  or  ^-migration  will  refer  only  to 
H       H2C=CH2 

LnM-CH2CHR  ►  LnM — H  (8) 
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LnM-CH2CHR  ►  LnM— H  +  H2C=CHR  (9) 


T  T/H 

LnM— CHCH2R  ►  LnM=C  (10) 

CH2R 


migration  of  hydrogen  to  a  metal  center  with  retention  of  all  metal 
ligands,  while  a-  or  ^-elimination  will  refer  to  migration  to  the  metal 
with  concurrent  loss  of  the  ligand  from  the  metal  center.  Hydride 
migrations  fall  into  two  categories,  namely,  a-hydride  migration  (eq 

10)  and  ^-hydride  migration  (eq  8).  Of  these  two  reaction  types,  the 

35 
^-hydride  migration  is  the  most  widely  known  and  studied. 

I.A.l.b.l.  /J-Hydride  Migration. 

Considerable  information  was  gained  concerning  the  ^-hydride 
migration  reaction  from  studies  with  the  transition  metal  complex 
Pt(PPh3)2(n-C4Hg)2  (5)  by  Whitesides  and  co-workers.  Thermal 
decomposition  of  5  gave  1-butene  and  n-butane  as  reaction  products. 
The  thermal  decomposition  of  5  was  proposed  to  give  intermediate  6 
which  underwent  the  ^-hydride  migration  as  shown  in  eq  11. 

Since  addition  of  PPh3  was  found  to  decrease  the  rate,  it  was 
concluded  that  decomposition  of  5  was  a  first-order  unimolecular 
process.  This  decrease  in  rate  was  presumably  due  to  inhibited 
dissociation  of  PPh3  from  5,  which  implied  that  a  vacant  coordination 
site  was  needed  to  facilitate  the  decomposition  reaction.  Deuterium  in 
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C,HQ  ^4H9  p4H9 

-PPh-  /  *  y  Ph,P 

5  —r-Z  Ph0P— Pt  « —  Ph,P— Pt— H      — ^  Ph-P— Pt— H  +  1-butene 

C4Hg  HgdCHCjHg  pph^ 

6  7  8 

I 

n-butane  +  Pt(PPh3)2        (11) 
9 


the  bis-(a,a-d2-butyl)  derivative  was  scrambled  (presumably  through  a 

sec-butyl  intermediate)  in  the  1-butene  product.   The  scrambling 

suggested  that  /?-H  migration  from  the  n-butyl  group  to  the  metal  and 

the  microscopic  reverse  are  faster  than  the  loss  of  1-butene  or 

reductive  elimination  of  n-butane.  To  confirm  the  proposed  equilibrium 

between  6  and  7,  a  known  concentration  of  CHp^HChLCH.,   was  added  to 

the  reaction  mixture  containing  the  deuterated  derivative.  After  the 

reaction  was  complete,  the  authors  observed   the   same   initial 

concentration  of  protio  1-butene  that  was  originally  added.  This 

result  suggested  that  the  scrambling  was  occurring  via  an  equilibrium 

between  intermediates  6  and  7,  and  not  by  1-butene  reassociating  with 

intermediate  8.  Although  intermediate  9  was  not  isolated,  addition  of 

CH3I   to  the  reaction  mixture  yielded  (PPh3)2Pt(CH3)(I) .36a   The 

reversibility  of  the  j8-hydride  migration  was  convincingly  confirmed  in 

the  study  shown  in  eq  12,  where  the  intermediates  10  and  11  were 

Ni(r?3-allyl)(Et)PPh3  =  Ni  (r?3-allyl)(H)(C2H4)PPh3  = 

10 

C2H4  +  Ni(r/3-allyl)(H)PPh3  — ►  N1  +  C3H6  +  PPh3  (12) 

11 


isolated  and  characterized 
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Whitesides  and  co-workers  showed  that  the  0-hydride  migration  was 
facilitated  by  a  0°  dihedral  angle  in  the  M-C-C-H  complex.  The 
relative  rates  of  /J-hydride  migration  decreased  as  the  dihedral  angle 
in  the  metal  moiety  increased  by  using  platinum  metallocycles  which 
could  not  achieve  the  optimal  geometry;  the  results  are  given  in  Table 
II.  Two  features  of  the  complexes  given  in  Table  II  are  important. 
First,  the  platinocycles  14-16  are  markedly  more  stable  thermally  than 
are  the  acyclic  platinum  alkyls  12  and  13  or  the  larger  and 
conformational^  more  mobile  platinocycle  17.  Second,  the  products  of 
decomposition  of  14-16  suggest  that  the  mechanism  by  which 
decomposition  occurs  is  similar  to  the  decomposition  mechanism  in  13. 
That  is,  13  decomposes  by  initial  metal  ^-hydride  migration  followed  by 
reductive  elimination  of  alkene  from  an  intermediate  hydrido- 
platinum(II)  alkyl.  a  Given  these  facts,  the  relative  rate  data 
suggested  that  a  M-C-C-H  dihedral  angle  that  cannot  approach  zero 
inhibited  the  metal  hydride  formation  which  reduced  that  reaction 
rate.36' 

There  are  certain  constraints  concerning  the  /J-hydride  migration 
transition  state  which  must  be  considered  in  order  to  understand  the 
relative  rates  of  reaction  and  ultimate  products.   It  was  determined 


that  migration  of  a  /J-hydrogen  was  a  more  labile  process  than  migration 

38 
of  /J-alkyl  group.    However,  Bercaw  and  co-workers  reported  the  0- 

alkyl  elimination  in  the  reaction  of  scandocene  hydride  derivatives 

39 
with  various  pentadienes  to  yield  primarily  1,4-pentadienes.    It  was 

also  generally  accepted  that  formation  of  the  1-alkene  was  favored  over 
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Table  II. a  Relative  Rate  Constants  (k  x  104  sec_1)for  0-Hydride 
Migration  Reactions  of  Various  Platinum  Metallocycles  in  CH2C12. 


DecomDOsition 

Products 

m 

Rate 

at 

n-Ai- 

1-A1- 

2-A1- 

Compound 
L2PtEt2  (12) 

60° 

120* 

kane 

kene 

kene 

Dienec 

4.5 

50 

50 

0 

f 

L2Pt(n-Bu)2  (13) 

3.8 

9000d 

50 

49 

1 

f 

L2Pt3H2}4  (14) 

... 

0.53 

0 

78 

20 

2 

DiphosPtJCH2)4  (15) 

... 

0.17 

0 

93 

7 

0 

L2Pt[(CH2)5  (16) 

... 

0.40 

0 

75 

17 

8 

L2Pt[7cH2)6  (17) 

1.7 

— 

0 

83 

17 

0 

aRef.  36c.  bL  =  PPfu.  cPredominantly  o,u.  This  value  was  obtained  by 
extrapolation  of  kinetic  data  obtained  at  50,  60,  and  70°  C.  Diphos  = 
bis-1. 2- (di phenyl phosphino)ethane.  Formation  of  the  diene  was  not 
possible. 


formation  of  the  2-alkene.36c    In  the  general  equation  8,  ^-migration 
is  not  restricted  to  hydrogen  with  examples  also  reported   for 

alkyls39'40  and  halogens.41   ^-Migration  was  also  invoked  for  the 

42 
decomposition  of  metal  alkoxides  to  yield  metal  hydrides,    and  was 

43 
proposed  in  the  homogeneous  oxidation  of  amines  by  Mo  complexes.  '  In 
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the  thermal  decomposition  of  certain  chromium  alkyls,  conformational 

preferences  favored  elimination  of  the  trans-2-alkene  rather  than  the 

cis-isomer.     In   a   series   of   vinyl    iridium   complexes, 

Ir(CR1=CR2R3)(CO)(PPh3)2  (R1,  R2,  R3  =  H  or  Me)  migration  of  the  cis-0- 

vinyl-H  (18)  was  preferred  over  the  0-allyl-H  (19)  with  no  formation  of 

product  from  migration  of  the  trans-5-vinyl-H  (20)  or  the  -y-allyl-H 

(21)  .  The  predominant  migration  via  18  was  attributed  to  the 

stability  of  the  resulting  products,  hydrido-acetylene  vs.  hydrido- 

allene  complexes. 

Irx   /H  lrx   /       lrx   /  x   ,Ir 

c=c  c=c        c=c        c=c 

/    \  /    \  /    \H  /    \ 

H — CH«  II  CHp 

18  19  20  21 

Deuterium  labelling  established  that  it  was  the  ^-hydrogen  that 

36 

was  transferred  to  the  metal.  Examples  are  provided  with  the  copper 
complex  in  eq  13,   and  in  a  number  of  alkychromium  complexes.    The 

[CuCH2CD2C2H5(PBu3)]  — ►  CuD(PBu3)  +  CH2=CDCH2CH3  (13) 

deuterium  kinetic  isotope  effect  for  the  ^-hydrogen  migration,  kH/kQ  = 
2.28  +  0.2,  was  determined  for  the  decomposition  of  the  alkyl iridium 
complexes  Ir(CH2CHRCgH13)(PPh3)2  (R  =  H  or  D).47  ^-Hydrogen  migration 
was  rate  determining  where  both  Ir-H  and  Ir-C  bond  formation  was 
important. 

The  above  discussion  has  concentrated  mainly  on  alkyl  ligands. 

However,  ^-migration  has  also  been  proposed  for  the  decomposition  of 

48 
metal  aryls.    This  was  evident  in  the  formation  of  a  coordinated 
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experiments 


benzyne    (eq  14)  which  was  later  confirmed  by  deuterium  labeling 
50 


TiPh2(r?5-C5H5)2  ►  PhH  +  [Ti(CgH4)(^5-C5H5)2]         (14) 

However,  Erker  and  co-workers  have  also  demonstrated  the 
intermediacy  of  a  benzyne  complex  and  suggest  that  the  benzyne  complex 
was  formed  from  a  concerted  elimination  of  benzene  from  a  diphenyl 
complex  and  not  by  a  /J-hydride  migration/reductive  elimination 
sequence. 

I.A.l.b.2.  tt-Hydride  Migration. 

ot-Hydride  migration  is  the  name  given  to  the  reactions  which  form 
metal  alkylidene  hydride  complexes  from  metal  alkyl  complexes.  This 

process  was  first  demonstrated  by  Cooper  and  Green  with  tungsten  methyl 

52 
complexes  (eq  15),   and  was  more  fully  characterized  by  Schrock  using 

53 
tantalum  neopentyl  derivatives  (eq  16). 

(Cpa)2W-CH3(CH2CH2PMe2Ph)+  4  [(Cp)2W-CH3]+  +  Ifi^   +  PMe2Ph 

U 

PMe.Ph  ,   _      5 

(Cp)2W— CH2PMe2Ph+  — *—  [(Cp)2W=CH2]+   aCp  =  (i?  -CjHj)    (15) 


LiCH,CMe^ 
M(CH2CMe3)3Cl2    ^   <  M(CH2CMe3)4Cl  —   (CH2CMe3)3(Cl)M=CHCMe3  — 

M  =  Ta  or  Nb 

L1CH,CMe- 

(CH2CMe3)2(Cl)M=CHCMe3  +  CMe4    ^  *   (CH2CMe3)3M=CHCMe3       (16) 
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It  appears  that  a-hydride  migration  is  more  labile  than  ^-hydride 

54 
migration  in  sterically  congested  complexes,    and  in  complexes  in 

53  a 
which  the  alkyl  ligands  possess  no  ^-hydrogens.    The  a-hydride 

migration  reaction  is  also  thought  to  be  reversible.   Shilov  and  co- 
workers proposed  a-elimination  to  explain  multiple  H/D  exchange  in 

55 
their  studies  of  platinum  alkyls.    A  clear  cut  example  is  given  in 

56 
eq  17,    where  the  isolated  alkyl  hydride  complex  was  shown  to 


(Me3P)3(I)2Ta=CHCMe3(H)  =  (Me3P)3(I)2Ta-CH2CMe3         (17) 


interconvert  with  the  a-hydrogen  on  the  neopentyl  ligand  by  a  technique 

57 
referred  to  as  Magnetization  Transfer  Proton  NMR.     Alkyl idene 

complexes  have  also  been  shown  to  interconvert  to  alkyl idyne  hydride 

58 
complexes  through  a-hydride  migration  on  the  NMR  time  scale. 

Alpha-  and  ^-hydride  migrations  can  be  competetive.  Schrock  and 

co-workers  isolated  a  1:1  mixture  of  the  a-  and  /5-hydride  migration 

59 
products  from  the  reaction  shown  in  eq  18  at  -30°  C.    Shapley  and 

PMe, 
2Ta(Np)2(Et)(Cl)2  **  Ta(=CHCMe3)(Et)(Cl)2(PMe3)2  + 

Ta(C2H4)(Np)(Cl)2(PMe3)2  +  2CMe4      (18) 

(Np)  =  CH2CMe3 


co-workers  observed  both  a-  and  ^-migration  processes  in  the  osmium 
complex  H0s3(C0)1Q(C2H5)  22  to  yield  the  alkyl idene  complex  23  from  a- 
migration  and  the  dihydride  complex  (24)  from  ^-migration  followed  by 
reductive  elimination  of  C2H4  (eq  19). 
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H-C-CH. 


Os- 
H-Os-H 
23 


-Os   3'  Os- 


H\ 
>C— CH, 

h/\  3 

— Os 


H 


Os— H 
22 


t   Os- 
Os- 


\ 


-Os  +  C2H4 


(19) 


24 


In  the  latter  study,  a  single  H  NMR  peak  was  observed  for  the 
methylene  protons  on  C  in  22,  but  its  high  field  position  {&  =  4.71) 
suggested  that  the  two  protons  were  equilibrating  between  two  different 
positions.  One  position  was  a  normal  C-H  bond  while  the  other  was  an 
"agostic  three  center-two  electron  C««H««Os  bond.  When  the 
temperature  of  a  solution  of  22  was  raised  above  -20°  C,  the  H  NMR 
signals  due  to  22  decreased  while  four  new  signals  appeared.  These 
signals  were  due  to  the  ethyl idene  complex  23  formed  from  a-migration 
of  a  C-H  bond.  Upon  raising  the  temperature  to  19°  C,  a  ^-migration 
process  was  observed  with  the  formation  of  24  and  ethylene.  At  this 
temperature,  the  rate  of  a-migration  was  =100  times  greater  than  that 
of  ^-migration.  Treatment  of  24  with  excess  ethylene  (5  atm)  resulted 
in  10%  of  22  +  23  (=  3  hr) .  This  indicated  that  the  overall  fi- 
migration  process  was  reversible. 

More  recently,  Crabtree  and  co-workers  observed  competitive  a-   and 

ft? 
^-hydrogen  migration  processes  in  an  iridium  hydride  complex.    The 

H/D  exchange  reaction  of  Ir(D)2(r?2-02CCF3)(PAr3)2  (25)  (Ar  =  fi-C6H4F) 

with  t-BuCH=CH2  (26)  at  25*  C  in  benzene  gave  exchange  products  where 

deuterium  was  incorporated  into  each  of  the  vinyl ic  positions  at  equal 

rates  (eq  20).  The  deuterated  product  was  found  to  be  85%  tert-Bu- 

ethylene-d2  by  GC-MS  analysis.   Similar  rates  and  reactivities  were 
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25 


C=C. 


r   +  H,C=CHCMe, 
\    2      3  C6H6  J      \ 


D 


H 


25 


26 


CMe3  D 


\  r 

+  A 

CMe. 


+  H2C=CDCMe3 


(20) 


25  =  Ir(D)2(n2-02CCF3)(P(fi-C6H4F)3)2 

found  for  26  =  styrene,  stilbene,  ar-methylstyrene,  and  ethyl  vinyl 

ether. 

An  alkene  insertion/0-migration  mechanism  was  first  considered  to 
explain  these  results.  This  mechanism  is  shown  in  Scheme  II  with  25 
Scheme  II. 


/       / 


Ph 


r^  ♦  H2C=C^ 


CH. 


25 


Ph 


alkene 


L4Ir-C-CH3   - 

CH2D 
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insertion 


■*   L4Ir— CH2C— Ph 


CH- 


28 
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Ph 
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H2C=C     +  HDC=C    +  H2C=C 


CH2D 


(29) 


CH. 


(30) 


CH. 


Ph 


H2C=C 


CH. 
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and  cr-methylstyrene.  a-Methylstyrene  could  insert  into  the  Ir-D  bond 
toyield  either  27  or  28.  From  27,  ^-hydride  migration  followed  by 
reductive  elimination  could  occur  at  either  of  the  methyl  groups  to 
yield  29  and  30,  respectively,  with  a  statistical  probability  favoring 
formation  of  29.  Insertion  to  give  28,  however,  could  only  proceed  to 
yield  the  starting  material  since  28  has  no  ^-hydrogens  present.  The 
results  of  this  experiment  gave  compound  30  as  the  primary  product, 
with  less  than  2%  reaction  yielding  29.  Based  on  these  results,  a 
mechanism  involving  both  or-hydrogen  migration  and  ^-hydride  migration 
followed  by  reductive  elimination  was  proposed  to  account  for  the  equal 
incorporation  of  deuterium  into  each  of  the  vinyl ic  hydrogen  positions 
of  tert-butyl -ethylene  at  equal  rates.  This  mechanism  is  given  in 
Scheme  III. 

This  mechanism  proceeds  by  alkene  insertion  to  give  the  1'  alkyl 
31.  Intermediate  31  could  undergo  ^-hydride  migration  and  reductive 
elimination  to  yield  32,  which  would  account  for  the  deuterium  in  the 
internal  vinyl ic  position.  However,  to  incorporate  deuterium  in  the 
terminal  vinyl ic  position,  a-hydrogen  migration  of  31  to  yield  33  was 
proposed.  Intermediate  33  was  in  fast  equilibrium  with  34,  which  could 
undergo  0-D  or  0-H  migration  followed  by  reductive  elimination  to  yield 
35  or  36,  respectively.  It  is  important  to  note  that  since  85%  of  the 
olefin  product  is  D-,  the  resulting  D-Ir-H  complex  will  repeat  the 
mechanistic  cycle  with  35  and  32  to  give  an  olefin-d2  and  an  H-Ir-H 
complex.  The  driving  force  for  this  was  the  equilibrium  isotope 
effects  which  will  favor  incorporation  of  deuterium  in  the  Cft  position 
due  to  the  difference  in  zero  point  energy  of  the  reactants  (M-H:M-D  = 
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Scheme  III. 
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small  AE.)  vs.  that  in  the  products  (C-H:C-D  =  large  AE„).  At  each 
step  in  the  mechanism,  trifluoroacetate  anion  can  associate  or 
dissociate  to  preserve  an  18-electron  configuration  about  Ir.  The 
incorporation  of  deuterium  into  each  vinyl  position  at  equal  rates  was 
a  consequence  from  a  balance  between  the  equilibrium  isotope  effects  of 

a-migration,  which  should  favor  34  over  31,  and  the  ^-migration  kinetic 

19 
deuterium  isotope  effect,  which  should  favor  H-migration.    Thus,  the 

normal  isotope  effect  to  favor  /J-hydride  migration  over  /3-deuterium 
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migration  was  negated  by  the  inverse  equilibrium  isotope  effect  for  a- 
hydride  migration.  These  results  suggested  that  a-hydride  migration 
competes  with  /J-hydride  migration. 

Bercaw  and  co-workers  studied  a  competitive  a-     and  /J-hydride 

g"3 

migration  mechanism  in  the  decomposition  of  (C,-Me5)2Ta=C=CH2(H) . 

They  found  that  the  a-migration  product  was  favored  over  the  /J- 

8  8 

migration  product  by  a  factor  of  10  (KyAo  -  10  ).  However,  this 

system  was  biased  against  ^-migration  due  to  unfavorable  strain  in  the 

7  63 
transition  state  such  that  k  /kg   =  10  .    The  reverse  process  of  a- 

3 
hydrogen  migratory  insertion  in  (C5Me5)2Ta=CH2(H)  was  found  to  be  10 

times    faster    than    ^-hydrogen    migratory    insertion    in 

(C5Me5)2Ta(H2C=CH2)(H).63 

Chisholm  and  co-workers  studied  competetive  a-  and  0-hydrogen 

migration  in  tungsten  clusters  W2(CH2R)2(MeCCMe2)(0-j.-propyl)4  (R  =  Me, 

64 
Et,  or  i-propyl).    The  mechanism  was  thought  to  proceed  by  an 

initial  /J-H  migration  from  the  (CH2R)  group  to  form  a  common  alkene 

intermediate,  since  formation  of  the  products  did  not  depend  on  the 

number  of  ^-hydrogens  in  the  metal -alkyl  ligand.  Competetive  a-  or  /?- 

hydrogen  migration  in  the  intermediate  alkene  complex  led  to  formation 

of  the  two  respective  products.  The  rate  and  course  (formation  of  a- 

or  ^-hydrogen  migration  products)  of  the  reaction  appeared  to  correlate 

with  the  relative  stability  of  the  alkene  intermediate;  the  more 

sterically  hindered  alkenes  dissociated  faster  to  produce  more  of  the 

0-migration  product.  When  the  intermediate  was  a  less  sterically 

hindered  alkene,  formation  of  the  a-migration  product  became  the 

dominant  pathway. 


■24- 


Puddephat  and  co-workers  studied  the  decomposition  reaction  of 

(Cl)2Pt-CH2CHMeCMe2  in  CHC13  initiated  by  pyridine  association. 
This  decomposition  mechanism  had  been  previously  thought  to  proceed  by 
^-hydrogen  migration.    However,  Puddephat  and  co-workers  repeated 


the  experiment  using  (Cl)2Pt-CD2CHMeCMe2  in  order  to  elucidate  whether 
the  mechanism  proceeded  by  a-migration  (eq  21)  or  ^-migration  (eq  22). 


Me,  Me  Me,  Me 

AH  /  \  H   reduc" 

LCl2P\/C\Me  #-LCl2|\/C/xMe  ^  LCl2Pt=CDCHMeCMe2D  \j$ 

A  °    \ 


Dv        ,CMe2D 

/|Ste          PPh,  /^V 

LCl2Pt  **     LCl2Pt(PPh3)  +  HDC=C  L  =  pyridine       (21) 

Me 
37 

Me,     Me  Mex    ,Me  ,Me 

X  H  V  MillM.  D9C=C( 

/  \  ,H         fl  u  I      '\  T-  XCMe,H     PPh, 

LCloPt       C(         -fefe     LCl-Pt— :C-Me    JtT^     LC1?Pt  ** 

2    \   /  w    migra-        2        ./  elim.  2 

x      tion         i; 


d/  \)  D/N 


D 


r 


LCl2PtPPh3  +  D2C=C  L  =  pyridine  (22) 


CMe2H 


38 
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Note  that  the  two  deuterated  alkenes  37  and  38  generated  by  the 
two  separate  mechanisms  are  different.  Puddephat  and  co-workers 
observed  only  formation  of  the  cr-migration  product  37  and  no  fl- 

migration  product.  In  the  H  NMR  spectrum  of  37,  the  Me2CD  resonance 

3 

appeared  as  a  1:1:1  triplet  with  J(HD)  =  1  Hz.  The  =CHD  resonance  at 

2 

S   4.7  ppm  integrated  for  1  proton.   In  the   H  NMR  spectrum,  equal 

intensity  peaks  were  observed  for  the  =CHD  and  the  Me2CD  resonances  at 
S  4.7  and  S  2.2  ppm,  respectively.  The  data  were  consistent  with 
structure  37,  but  not  with  the  olefin  38  generated  from  the  ^-migration 
mechanism.  Structure  38  should  give  a  doublet  for  the  Me^CH  and  a 

strong  signal  for  the  Me2CH  proton.  The  authors  concluded  that  the 

65a 
platina(IV)cyclobutanes  undergo  a-  rather  than  /3-hydride  migration.  ' 

a-Migration  was  also  favored  in  the  decomposition  of  certain 

silicon  complexes  (eq  23).   a-Migration  was  postulated  to  explain 

Cl3SiCF2CFCl2  -^  Cl3SiF  +  F2C=CC12  (7%)  +  FC1C=CFC1  (80%)    (23) 

(product  of    (product  of 
^-migration)   a-migration) 

the  unimolecular  isomerization  reactions  of  carbenes  in  tungsten 
complexes  and  iron  complexes,  and  was  also  established  for  the 
main  group  metals  Li,  Sn,  Zn,  and  Hg  (eq  24). 

LMCRR'R"  »  LMR  +  CR'R"  (24) 

M  =  Li+,  Sn,  Zn,  Hg:  R  =  Halogen  or  OR:  L  =  H 


I. A. I.e.  Ligand  Substitution  Reactions. 
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Ligand  substitution  reactions  (eq  25)  are  among  the  most 
extensively  studied  class  of  reactions  in  organometallic  chemistry. 

M(C0)x  +  yL  ►  M(C0)Ly  +  (x-y)CO  (25) 

Other  ligands  besides  CO  may  be  bound  to  the  metal;  however,  in  the 
present  study,  all  negative  ion  complexes  were  metal  carbonyl 
complexes.  The  ligand  L  may  be  a  w-type  ligand  (olefin,  aromatic, 
diene,  etc.),  or  a  a-type  ligand  (thioether,  phosphine,  amine,  etc.). 
Several  extensive  reviews  give  a  comprehensive  understanding  of  the 
ligand  substitution  reaction.    Ligand  substitution  reactions  follow 

two  basic  reaction  mechanisms,  (i)  the  dissociative  mechanism  (eq  26) 

72 
and  (ii)  the  associative  mechanism  (eq  27). 

k  k 

M(C0)x  -1  M(CO)x.j  +  CO  -^  M(C0)x_!L  (26) 

k-l 

k  k         k 

M(C0)x  +  L  -4*3  M(C0)xL  =2  M(C0)xL  ■$*   M(C0)x.jL  +  CO  (27) 

k-2 

The  dissociative  mechanism  proceeds  by  initial  dissociation  of  a 

ligand  from  the  starting  metal  complex  as  the  rate  limiting  step  with 

the  rate  =  k,[M(C0)  ].   This  dissociation   step   generates   the 

coordinatively   unsaturated   metal  complex  M(C0)x_1  which  rapidly 

coordinates  the  ligand,  L.   The  associative  mechanism  proceeds  by 

association  of  the  ligand  L  to  the  metal  complex,  such  that  the  rate  = 

k..ffk2[M(C0)x][L].  In  accordance  with  the  18-electron  rule,  the 

associative  mechanism  does  not  take  place  with  18-electron  complexes 

unless  the  ligand  adds  to  one  of  the  ligands  on  the  metal  or  a  ligand 
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changes  its  hapticity.  Otherwise,  attack  of  L  on  the  metal  would  yield 

71c 
a  20-electron  intermediate  which  is  not  known  to  occurr. 

The  metal  carbonyls  Ni(C0)4,  Cr(C0)g,  Mo(C0)g,  and  W(C0)6  react 

with  13C0,   amines,   and  phosphines    to  give  ligand  exchange  by 

the  dissociative  mechanism.   This  is  the  expected  pathway  since 

reaction  via  the  associative  mechanism  would  yield  20-electron  species. 

However,  V(C0)5",76  Mn(C0)5+,77  Re(C0)6+,77  and  Fe(C0)578  do  not 

undergo  ligand  substitution  reactions  with  either  labeled  CO  or 

phosphines. 

Considerable  effort  was  expended  in  determining  the  labelizing 

71c 
effects  of  L  on  the  CO  ligands  in  M(C0)xL  complexes,    especially  for 

Mn(C0)5L  (L  =  C0+,  H,  CI,  Br,  I).79  It  was  found  that  CO  dissociation 

in  Mn(C0)5Br  was  considerably  more  labile  than  with  Mn(C0)g  or 

Mn(C0)5H.  In  addition,  the  CO  groups  that  were  c±s  to  Br  were  found  to 

be  more  labile  than  the  trans-CO  groups  due  to  the  n-donor  ability  of 

79a-c 
the  lone  pair  on  Br  with  an  appropriate  empty  metal  orbital.       The 

ease  of  dissociation  of  CO  ligands  in  Mn(C0)5L  and  Re(C0)5L  decreased 

as  L  =  I  <  Br  <  CI .   _1  The  reason  for  this  is  because  iodine  is  the 

least  electronegative  and  the  most  polarizable  halide  and  donates  the 

largest  amount  of  electron  density  to  the  metal.  This  fact  increases 

the  Mn-CO  backbonding  character  and  greater  Mn-CO  bond  strengths 

result.  This  explanation  is  consistent  with  the  fact  that  both 

Mn(C0)5L  and  Re(C0)5L  (L  =  I,  Br,  CI)  undergo  CO  exchange  whereas 

+  7Qp-i 

Mn(C0)6  does  not.      The  CO  ligands  in  Mn(C0)5L  were  found  to  be 
more  labile  than  these  in  Re(C0)rL  for  a  given  L.  J 
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Metal  carbonyl  olefin  complexes  reacted  by  the   dissociative 

80 
mechanism  to  give  products  of  ligand  substitution.    The  lability  of 

the  olefins  decreased  in  the  series  C2H4  >  dimethyl  maleate  >  dimethyl 

fumarate  »  maleic  anhydride.   This  order  was  in  accord  with  the 

increased  back  bonding  from  the  metal  to  the  olefins  based  on  the 

electron  withdrawing  groups  on  the  olefins.  The  ease  of  dissociation 

80 
of  a  CO  ligand  in  these  complexes  was  Mo  »  Cr  >  W. 

Ligand  substitution  reactions  that  proceeded  by  the  associative 

mechanism  do  so  with  complexes  which  possess  ligands  that  have  variable 

coordination  numbers.  For  example,  in  order  to  accommodate  an  incoming 

3  1 

ligand,  the  bound  allyl  ligand  can  change  from  a  77  -CjHg  (tt)  to  a  r?  - 

C,H5  (a)  in  order  to  accommodate  the  incoming  two  electron  donor 

81 
ligand.    This  change  in  hapticity  is  well  established  for  the  allyl 

ligand  and  is  an  important  factor  in  the  catalytic  activity  of 

complexes  with  allyl  ligands.   '      Examples  of  ligand  substitution 

reactions  by  the  associative  mechanism  are  given  in  eqs  28  and  29.  The 


(rj3-C3H4R)Fe(C0)2N0  +  L  — »  (771-C3H4R)Fe(CO)2(NO)L 


(rj3-C3H4R)Fe(C0)(N0)L  +  C081a"b   (28) 
R  =  1-CH3,  2-CH3,  1-C1,  2-C1,  1-CN,  2-Br,  l-CgH5 
L  =  PPH3,  PPh2Et,  P(n-Bu)3,  P(0Et)3>  P(0CH3)3 


(r?3-C3H5)Co(C0)3  +  L  — ►  (r?1-C3H5)Co(C0)3L 

i 
L  =  PPh3,  P(0R)3        (773-C3H5)Co(CO)2L  +  C081d"h         (29) 
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allyl  hapticity  change  in  eq  28   was   determined   by   infrared 
spectroscopy.  a"   However,  the  77  -allyl  ligand  does  not  always  change 

its  hapticity  as  seen  in  the  fact  that  the  rate  of  decarbonylation  of 

1  3 

(77  -C3Hr)Mn(C0)5  was  =100  times  slower  than  CO  substitution  in  (77  - 

C3H5)Mn(C0)4  with  PPh3.81c  This  implied  that  (r^-C^JMnfCO^  was  not 

an  intermediate  in  the  CO  substitution  reaction  and  a  dissociative 

mechanism  was  postulated. 

Other  ligands  which  are  well  known  to  have  variable  hapticity  are 
NO  (??  «  t)  )  and  cyclopentadienyl  (77  -  77  ).  a"c  Indenyl  complexes  of 
rhenium,  (r?5-CgH7)Re(C0)3,82and  manganese,  (r?5-CgH7)Mn(C0)3,83  have 
been  shown  to  undergo  77  ■*  77  slippage  as  well  as  77  •*  77  .  Arenes 
are  also  thought  to  change  hapticity  by  an  77  -*  77  ■*  rj  "unzipping" 
mechanism. 

Condensed-phase  ligand  substitution  reactions  can  occur  with  a 
variety  of  ligands.  Since  the  substitution  reactions  are  ultimately 
governed  by  thermodynamics,  it  would  be  advantageous  to  predict  which 
reactions  would  be  thermodynamically  favored.  For  this  reason,  some 
representative  bond  dissociation  energies  are  given  in  Table  III. 


I.A.l.d.  N-H  Bond  Activation. 

The  ammoxidation  of  propylene  is  a  major  industrial  process  by 
which  eight  billion  pounds  of  acrylonitrile  were  produced  in  1985. 
In  this  process,  a  mixture  of  propylene,  ammonia,  and  air  is  passed 
over  a  heterogeneous  mixture  of  bismuth  molybdate  catalyst  (eq  30). 
The  mechanistically  related  reaction  in  eq  31,  using  the  same  catalyst, 
produces  acrolein  in  higher  yields  at  lower  temperatures. 
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Table  III.  Bond  Dissociation  Energies  for  LnM-R  complexes 


LnM 

R 
CO 

D-(LnM-R)a 

LnM 

R                           D' 

'(LnM-R)b 

Mn(C0)4 

23.6 

Cr(C0)5 

CO 

35. 3C 

Re(C0)4 

CO 

43.5 

Fe(C0)4 

CO 

41. 0C 

Mn(C0)5 

Mn(C0)5 

16.0 

Re(C0)5 

Re(C0)5 

30. 6a 

Cr(C6H6) 

^4-C6H6 

38.9 

CpMn 

»6-C6H6 

121.9 

Mn(C0)5 

Br 

61.7 

Co+ 

r?2-H2C=CHCH3 

37  ±  2d 

Mn(C0)5 

CI 

72.7 

Co+ 

^-C4H6 

52. 0e 

Cr(C0)3 

"6-C6H6 

42.5 

Co+ 

»?2-C2H4 

37  ±  2f 

Mo(C0)3 

c-C7HQ 

60.0 

Co+ 

r/3-C3H5 

72. 0e 

W(C0)3 

c-C7H8 

74.3 

Fe+ 

H2C=CHCH3 

37  ±  6g 

Cr(C0)3 

c-C7H8 

35.9 

Fe+ 

r?4-H2C=CHCH=CH2 

48  +  5h 

MnCp 

r/5-C5H5 

64.2 

(0C)5Cr+ 

CO 

37  ±  51 

Fe(C0)4 

»?2-C2H4 

23.6 

Co+ 

^6-C6H6 

68  i  5h 

Fe(C0)3 

^4-C4H6 

48.5 

Fe+ 

^6-C6H6 

55  ±  5h 

aThese  are  average  values  in  kcal/mol.    These  are  individual  bond 
energies   in   kcal/mol.   cRef.89.   dRef.  90.  eRef.  91.  fRef.92. 
9Ref.  93.  hRef.  94.  1Ref.  95. 


Bi,0,/Mo0^ 
H2C=CHCH3  +  NH3  +  3/2  02  ^   ,Q  *   H2C=CHCN  +  3  H20        (30) 


Bi,0,/Mo0, 
H2C=CHCH3  +  02   3Qq  ,c  3»  H2C=CHCH0  +  H20  (31) 
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The  active  site  in  the  ammoxidation  of  propylene  (eq  30)  consists 
of  two  Mo-dioxo  groups,  which  serve  to  activate  ammonia  N-H  bonds 
sequentially  to  form  a  Mo-imido  complex,  HN=Mo=NH.  The  mechanism 
proceeds  by  abstraction  of  an  allylic  hydrogen  from  propylene  by  a  Bi=0 
unit  to  form  a  Bi-fl-allyl  complex,  which  adds  to  the  imido  to  form  a  a- 
N  complex,  HN=Mo-NH-CH2CHCH2.  A  second  imido  group  then  abstracts  the 
cr-H  from  the  a-N  complex  in  a  rate  limiting  step  and  ultimately, 

acrylonitrile  is  formed  by  a  third  a-H  abstraction  by  a  Mo-oxo 

87 
group.  '   The  higher  temperatures  needed  for  the  ammoxidation  (eq  25) 

compared  to  the  oxidation  (eq  26)  can  be  explained  by  the  higher 

activation  energy  needed  for  the  second  H  abstraction  in  the  a-N 

complex,  HN=Mo-NH-CH2CHCH2  versus  the  a-0  complex  0=Mo-0-CH2CHCH2.87d"e 

Other  than  the  interest  in  the  ammoxidation  of  propylene,  reports 

of  N-H  oxidative  addition  with  transition  metal  complexes  were  rare 

until  Sappa  and  Milone  reported  their  findings  from  the  reaction  of 

aniline  with  Ru3(C0)12  in  1973.    These  authors  found  that  after  two 

hours  in  benzene,  the  product  was  (H)Ru2(C0)1QHNPh  in  35%  yield. 

Although  a  crystal  structure  could  not  be  obtained,  the  authors 

proposed  two  structures,  both  of  which  included  a  bridging  nitrogen  to 

the  Ru  atoms.  The  difference  in  the  proposed  structures  was  whether 

hydrogen  was  bridging  between  two  Ru  atoms  or  merely  a-bound.  This 

result  suggested  that  direct  N-H  oxidative  insertion  of  a  metal  complex 

into  an  amine  N-H  bond  might  be  possible.  This  possibility  was  later 

confirmed  by  the  reaction  illustrated  in  equation  32,   and  by  similar 

go 

reactions  with  Ru,(C0)12. 
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Os3(CO)12  +  RR'NH  — ►  (C0)40s- 


0=C— NRR' 

Os(C0)3  +  CO  (32) 


(CO)3Os— H 

(a)  R  =  Me,  R'  =  H;  (b)  R  -  R'  -  Me;  (c)  R  =  n-propyl,  R'  =  H; 
(d)  R  =  n-Bu,  R'  =  H;  (e)  R  =  Et,  R'  =  H 

Amines  are  dehydrogenated  by  Ti  clusters;  the  mechanism  may 

involve  N-H  insertion.  Armor  reported  the  dehydrogenation  of  ammonia 

99 
and  simple  amines  by  reaction  with  CpTiCj-H.TiCp-  (eq  33).  "  The 

r„  R-Nv-H 


\  7?V/P 


CpTiCKH/TiCp,  +  2NH0R  — ►    Ti-H-Ti    +  H,  (33) 


cp  H.\NZR  cP 

39 

*      1  5  5 

R  =  H,  Et,  t-Bu;  0,-H.  =  fi-{r]  :rj   -cyclopentadienyl ) ;  Cp  =  rj  -CcH5 

structure  of  26  was  determined  by  X-ray  diffraction.  However,  the 
assignments  of  the  hydrogens  positions  were  not  conclusive.  Other 
techniques,   e.g.   infrared,   ultraviolet-visivle,   near-IR,  raman 

spectroscopy,  H/D  exchange,  hydride  scavengers,  stoichiometry,  etc., 

99a 
led  to  the  assigned  structure. 

Zirconocene  and  hafnocene  di hydride  complexes  have  also  been 

observed  to  oxidatively  insert  into  the  N-H  bonds  of  ammonia  (eq 

34).100 
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,H              H     ,5         H 
/              /       NH      / 
Cp*2M   +  NH3  ►  Cp*2M   +  H2  ^  Cp*2M    +  NH3       (34) 

H  NH2  1S  NH2 

Cp*  =  r?5-C5Me5;  M  =  Zr,  Hf 

The  first  definitive  example  of  N-H  oxidative  insertion  by  an 
iridium  complex  was  demonstrated  by  Roundhill  and  co-workers  in  the 
reaction  of  (Ph3P)2IrCl  (in  situ)  with  o-(diphenylphosphino)-N- 
benzoyl aniline  40  at  25  °C  in  toluene  (eq  35).    The  ratio  of  41:42 

dou     Ph2  Ph2 

PPh2  1     L  H      j 

»°»a  *  ©C"2  —  Ph2P>kp^o) .  ^y&)   (35) 

Cl     C(0)Ph  Cl     C(0)Ph 

40  41  42 

was  determined  to  be  1:2.4  as  revealed  by  H  NMR.  Compound  41  has 
hydride  trans  to  one  phosphorus  and  cis  to  two  phosphorus  atoms. 
Compound  42  has  hydride  trans  to  chloride  and  three  magnetically 
inequivalent  phosphines  cis  to  hydride.  Both  compounds  were  oxygen 
sensitive,  soluble  in  polar  solvents,  and  were  not  separable  by 
chromatography.  Treatment  of  (Ph3P)2IrCl  with  40,  in  which  a  deuterium 
atom  was  on  nitrogen,  gave  the  deuteride  substituted  compounds  41  and 
42,  respectively. 

Ammonia  was  shown  to  oxidatively  add  to  the  iridium  complex 

10? 
(PEt3)2Ir(C2H4)2Cl  (eq  36).     In  equation  36,  the  authors  proposed 

oxidative  insertion  of  the  14-electron  species  (PEt3)2IrCl  into  the  N-H 

bonds  of  ammonia.  However,  no  mechanistic  probing  was  performed  other 

than  the  observation  that  the  rate  of  ethylene  production  was  much 

greater  than  the  rate  of  ammonia  consumption.   Structure  confirmation 
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(PEt3)2ClIr(C2H4)2   +  2NH3 
(-2C2H4)  ji 

(PEt3)2ClIr(|t-NH2)(H)(NH3) 
(-Cl2)  jiii 


11 


Et„P. 


Et,P 


NH, 


NH 


/  <\ 

V .  / 


3PEt. 


^H3NH2 


/ 

r 

\ 


PEt. 


(BPh,) 


4'2 


Et3PN 


Et,P 


CI 


NH, 


'v 


Ir 


PEt, 


3r  H  ""2  CI 


PEt, 


(36) 


(i)  25  °C,  24  h,  THF:  (ii)  110  'C,  1  h,  pyridine:  (iii)  NaBPh4/acetone 

of  products  was  determined  by  31P  NMR  and  lti   NMR,  IR,  and  X-ray 
diffraction.102 

The  most  recent  report  of  N-H  activation  involved  the  successful 
generation  of  an  imidozirconocene  complex  by  Bergman  and  co-workers  (eq 


37) 


103 


Mechanistic  probes  revealed  that  compound  44  could  be  trapped 


Cp2Zr^ 


NHR 


85'C 


♦  [Cp2Zr=NR]  +  CH4 


C6H6 


CH. 


/ 
Cp2Zr^ 


NHR 


(37) 


Ph 


43 


44 


45 


Cp  -  rf -C5H5  :  R  =  t-Bu  :  Ph  =  CgH5 


,/CMe3 


CMe- 


#*' 


Cp2Zr 


/ 


o 


Cp2Zr    //-Ph 


46 


Me 
47 


R'  =  Me  :  R"  =  Phenyl 
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by  THF  to  give  46  or  by  1 -phenyl -1-propyne  to  give  47.  It  was  also 
shown  that  45  reacted  with  1-pheny-l-propyne  to  give  the  metallocycle 
33.  In  addition,  thermolysis  of  43  in  the  presence  of  excess  Me3CNH2 
yielded  Cp2Zr(NHCMe3)2  (48).  These  observations  indicated  that  the 
mechanism  proceeds  by  either  a-hydride  migration  and  reductive 
elimination  of  benzene  from  45  or  methane  from  43  to  yield  the 
monomeric  complex  44.  These  results  also  suggested  that  the  conversion 
of  the  amido  complex  43  to  the  bis-amido  complex  48  did  not  take  place 
by  transfer  of  a  proton  from  the  incoming  amine  to  the  departing  methyl 

group,  but  instead  proceeded  by  a-hydride  migration  followed  by 

103 
reductive  elimination  of  CH^  to  give  44  followed  by  N-H  activation. 

I. A. I.e.  C-F  Bond  Activation. 

Although  transition  metal  complexes  have  wide  utility  in 
hydrocarbon  transformations,  the  analogous  chemistry  of  metal  bonded 
fluorocarbons  is  largely  unexplored.  The  greater  abundance  of  systems 
capable  of  activating  C-H  bonds  relative  to  C-F  bonds  is  not  surprising 
given  the  considerable  strength  of  the  C-F  bond  (125  kcal/mol  in  Ph-F 
vs.  110  kcal/mole  in  Ph-H)  even  though  the  M-F  bonds  (relative  to 
the  M-H  bonds)  that  are  formed  are  very  strong  (Mn-F  =  109.4  kcal/mol 
in  MnF2;  Fe-F  =  109.0  kcal/mol  in  Fe2F4).  Very  few  examples  of 
oxidative  insertion  by  a  transition  metal  center  into  a  C-F  bond  are 
known  despite  the  continuing  interest  in  fluoroinorganic 
chemisty.106  Literature  precedent  for  C-F  bond  cleavage  includes  the 
low  yield,  thermally  unstable  synthesis  of  trans-Ni (PEt3)2(CgF5)F  from 
[Ni(PEt3)2(C2H4)]  (in  situ)  and  CgFg.107  Bruce  and  co-workers  observed 


orthometalation 


of 
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6H5N=NCgF5    by    Mn2(C0)10    to    give 


[CgH5N=NCgF4Mn(CO).].    A  similar  orthometalation  reaction  was  also 

5 
observed    in    the   reaction   of   MeRu(PPh3)2(j?  -CrHg)    with 


I 1  5 

perfluoroazobenzene  to  give  RuCgF.N=NCgH5(Ph2PCgH4-77  -CgH4)  in  low 

109 
yield.     Photochemical  activation  of  an  aromatic  C-F  bond  has  been 

reported  in  a  l,4-bis(pentafluorophenyl)tetrazine  ligand  coordinated  to 

cobalt.     However,  the  fate  of  the  fluorine  atoms,  and  hence  the 

mechanism,  was  not  determined  in  the  above  cases. 


One  definitive  example  of  intramolecular  oxidative  insertion  into 
an  aryl  C-F  bond  in  a  tungsten  complex  has  been  reported  (eq  38). 


W(CO)3(NCD)3 


n. 


49 


50 


51 


52 


(38) 


Pentafluorobenzaldehyde  reacted  with  1.0  equivalent  of  1,2- 
diaminobenzene  in  ethanol  to  give  the  yellow,  crystalline  Schiff  base 
50  in  92%  yield.  Reaction  of  50  with  49112  at  room  temperature  in  THF 


provided  the  complex  52  in  69%  yield. 


Ill 


The  structure  of  52  was 
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assigned  by  IR,  *H  and  19F  NMR,  and  by  single-crystal  X-ray 
diffraction.  The  intermediate  51  could  be  isolated  as  a  dark  purple 
solid  in  82%  yield  by  conducting  the  reaction  in  methylene  chloride  and 
direct  precipitation  with  hexanes.  The  mechanism  of  this  reaction  was 
not  postulated,  but  must  involve  oxidative  insertion  of  W  into  the  C-F 
bond.  Factors  that  may  explain  the  facile  C-F  insertion  include  the 
chelating  nature  of  the  ligand  which  reduces  the  entropic  barrier  to 
reaction.   Also,  the  conjugated,  planar  metallocycle   was   quite 

stable113  and  thermodynamic  considerations  suggested  that  the  M-F  bond 

114 
was  quite  strong  despite  the  low  oxidation  state  of  the  metal. 

I. A. 2.  Gas-Phase  Background  Literature. 

Gas-phase  ion/molecule  reactions  yield  information  about  an  ions 
intrinsic  reactivity  compared  to  condensed-phase  results.  This 
intrinsic  reactivity  is  derived  from  the  absence  of  solvent  or  counter 
ion  effects  which  is  inherent  in  the  condensed-phase.  These  effects, 
in  some  cases,  can  greatly  alter  the  rate  and/or  product  forming 
channels  in  a  particular  reaction.  However,  most  of  the  underlying 
principles  and  mechanisms  established  in  the  condensed-phase  are 
directly  related  to  the  understanding  of  the  gas-phase  results.  In 
many  cases,  the  condensed  phase  results  are  the  basis  for  the  gas-phase 
experiments.115  Both  areas  of  positive  and  negative  transition 
metal  ion  chemistry  have  been  recently  reviewed. 

The  techniques  currently  employed  to  study  gas-phase  ion/molecule 
reactions  of  organometall ic  complexes  include  (i)  ion-beam 
apparatus,117   (ii)  ion  cyclotron  resonance    (ICR)  and  fourier 
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transform  mass  spectrometry119  (FTMS),  both  of  which  use  a  trapped  ion 
cell  in  a  magnetic  field,  and  (iii)  flowing  afterflow  apparatus 
(FA),7'120  and  (iv)  high  pressure  mass  spectrometry  (HPMS).  Most  of 
the  early  work  in  gas-phase  ion/molecule  reactions  was  performed  using 
ICR  or  FTMS  methods.122  In  the  ICR/FTMS  experiment,  the  double 
resonance  technique123  allows  the  exclusive  observation  of  one  or  more 
ions  in  the  trapped  ion  cell  while  the  other  ions  are  ejected.  This 
technique  allows  for  clean  ion/molecule  reactions  to  be  observed  with  a 
variety  of  neutral  gaseous  reagents. 

There  has  been  substantial  effort  in  gas-phase  ion/molecule 
transition  metal  chemistry  toward  the  determination  of  ligand  bond 
dissociation  energies  of  the  ion  complexes  (Table  III)  and  other 
thermochemical  data.  Before  the  existence  of  the  gas-phase  methods, 
the  best  values  available  were  derived  from  bomb  calorimetry,  which 
gave  the  average  bond  strengths  of  all  neutral  ligand-metal  bonds  in  a 
particular  complex.88'124  Today,  these  values  are  mainly  derived  from 
the  ion-beam  technique  which  measures  the  threshold  kinetic  energy  of 
a  monoenergetic  beam  of  ions  that  is  required  to  break  a  metal -ligand 
bond.125  Gas-phase  ion/molecule  techniques  have  also  been  used  to 
determine  gas-phase  basicities,1"  '  acidities,  electron 
affinities,121'128  and  ionization  potentials12  of  various  neutral 
transiton  metal  complexes. 

I. A. 2. a.  C-H  Bond  Activation. 

C-H  bond  activation  by  transition  metal  positive  and  negative  ions 
has  been  well  studied  in  the  gas-phase.5'116'130   Positive  atomic 
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transition  metal  ions  are  known  to  react  with  alkanes  by  both  C-H  and 
C-C  bond  activation.90'131,132'133  Freiser  observed  that  Fe+  would 
oxidatively  add  to  both  the  C-H  and  C-C  bonds  of  butane  (eq  39).131a 


The  proposed  mechanism  is  given  in  Scheme  IV 
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Some  typical  examples  of  products  obtained  from  the  reaction  of 
atomic  metal  cations  with  alkanes  are  given  in  Table  IV.  Although  C-C 
oxidative  insertion  is  common  in  atomic  positive  ion  chemistry,  this 
process  has  yet  to  be  observed  in  either  condensed-phase  or  gas-phase 
negative  ion  chemistry.5  The  absence  of  C-C  insertion  in  condensed- 
phase  can  be  explained  by  formation  of  the  relatively  weak  M-C  bonds 
which  constitute  an  overall  endothermic  process.  »  However,  D*(Fe  - 
CH3)  =  69  ±  5  kcal/mol,134  while  D°(Fe+-H)  =58+5  kcal/mol  in  the 
gas-phase. 132d  The  increased  stabilization  of  the  M+-C  bond  relative 
to  the  solution  phase  M-C  bond  allows  C-C  oxidative  insertion  to  be 
observed  in  the  gas  phase.  To  date,  there  have  been  no  reports  of 
exothermic  oxidative  insertion  by  a  positive  transition  metal  complex 
ion  into  the  C-H  bonds  of  methane.  Beauchamp  and  co-workers  observed 
the  oxidative  insertion  and  reductive  elimination  of  H2  via  a-hydride 

migration  in  the  reaction  of  methane  with  Co  ,  but  calculate  the 

129a 
reaction  to  be  1.1  eV  endothermic. 

Gas-phase  negative  ion  chemistry  has  also  contributed  to  the 

examples  of  C-H  insertion.  McDonald  and  Jones  found  that  the  14- 

electron  complex,  Mn(C0)3",  oxidatively  inserted  into  the  C-H  bonds  of 

ethane,  propane,  and  isobutane,  while  the  15-electron  Mn(C0)4"  and  17- 

electron  Mn(C0)5"  did  not  react  (k  <  10"13  cm"3  molecule"  s"  )  with 

alkanes.130,135  Significantly,  these  authors  found  that  the  relative 

rates  of  oxidative  insertion  into  primary  (1°),  secondary  (2°),  and 

tertiary  (3*)  C-H  bonds  were  3°  >  2*  >  i\130'135   Mn(C0)3"  reacted 

with  the  linear  alkanes  CnH2n+2  (n  =  2,  3,  4,  5,  6,  7)  to  give  the 

(adduct-H2)  negative  ion  via  oxidative  insertion  into  a  C-H  bond 
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Table  IV.  Product  Distributions  of  Atomic  Transition  Metal  Cations 
with  Alkanes. 


Ion   alkane 


H, 


2H, 


Neutral  Product  Lost 
CH4    (CH4+  H2) 


C2H4 


C2H6 


Sc 


+a 


Ti 


+b 


Ti 
Ti 
Fe 
Fe 
Fe 
Co 


:+b 


+b 

+b 
+b 
+b 


+c 


Co 


+c 


Ni 


.+c 


Ni 
Rh 


:+C 


+d 


Rh 


+d 


Rh 
u+e 


+d 


Mn 


Cr 


+f 
+f 


n-butane 

ethane 

propane 

n-butane 

ethane 

propane 

n-butane 

propane 

n-butane 

propane 

n-butane 

ethane 

propane 

n-butane 

n-butane 


0.37   0.22 
1.00   --- 
1.00   --- 

1.00 
No  Reaction 
0.30  0.70 
0.12  0.29 
0.59   --- 


0.01 


0.59 
0.41 
0.12 
0.80 
0.17 


0.29   --- 

0.20   --- 

0.24   --- 

1.00   --- 

0.94   0.06 
1.00 

0.13   0.87 

This  ion  does  not  react  with  alkanes 

This  ion  does  not  react  with  alkanes 


0.02 


0.36   0.02 


0.59 


0.59 


aRef.  132e.  bRef.  131a.  cRef.  132c.  dRef.  131b.  eRef.  131e.  fRef.  132a. 


followed  by  reductive  elimination  of  H2 
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The  13-electron  complex  Fe(CO)2"~  also  reacted  with  linear  alkanes 


136 


As 


C  H0  „  (n=  2,  3,  4,  5)  to  give  the  (adduct-HJ  negative  ion 
n  Zn+d  c 

was  the  case  with  (0C)4  5Mn",  the  less  coordinatively  unsaturated  ions, 
(OCK  ,Fe"  did  not  react  (k  <  10"13  cm3  molecule"   s"  )  with 

alkanes.136  To  date,  the  only  negative  ion  observed  to  react  with 

137 
methane  was  Fe(C0)2"  to  yield  the  total  adduct  negative  ion. 

However,  the  product  generated  from  the  reaction  of  Fe(C0)2*  with  CH4 

was  too  small  to  perform  any  stucture  determining  experiments  upon. 

The  reaction  of  neopentane  with  Fe(C0)2*~  also  gave  the  total  adduct 

137  • 

negative  ion,  but  in  higher  yield.    This  total  adduct  negative  ion 

was  observed  to  undergo  a  single  H/D  exchange  in  a  reaction  with  D2- 

This  and  other  results  established  the  presence  of  one  unique  hydrogen 

so  that  the  structure  of  the  total  adduct  negative  ion  was  that  of 

oxidative  insertion  of  Fe  into  a  C-H  bond.  By  analogy,  the  reaction  of 

Fe(CO)  '"  with  methane  was  believed  to  give  (0C)2Fe(H)(CH3)". 


I.A.2.b.  /J-  and  a-Hydride  Migration. 

0-Hydride  migrations  are  common  in  gas-phase  ion  chemistry.  Both 
positive  and  negative  ions  formed  by  C-H  oxidative  insertion  reaction 
will  usually  reductively  eliminate  H2  if  a  ^-hydrogen  is  present  in  the 
complex.130'131'132'133'135'137  Conversely,  reports  of  or-hydride 
migration  are  almost  non-existent  in  the  gas-phase  literature.  As 
previously  mentioned,  Beauchamp  and  Armentrout  observed  the  (adduct-H2) 
positive  ion  in  reactions  of  Co+,  Ni+,  and  Fe+  with  methane.  However, 
the  product  distributions  of  the  (adduct-H2)  ion  were  small  relative  to 
the  major  product  forming  channel  and  the  overall  reaction  was 
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129a  132c 
calculated  to  be  endothermic.    '     Freiser  and  co-workers  found 

that  atomic  transition  metal  cations  react  with  ammonia  to  give  the 

138 
(adduct-H2)  positive  ion.     The  mechanism  for  this  transformation 

must  involve  oxidative  insertion  into  an  N-H  bond  followed  by  a- 

migration  and  reductive  elimination  of  H-.  There  have  been  no  reports 

of  a-hydrogen  migration  in  gas-phase  negative  ion  chemistry. 


I.A.2.C.  Ligand  Substitution  Reactions. 

In  contrast  to  the  condensed  phase,  gas-phase  ligand  substitution 

reactions  usually  proceed  by  an  associative  mechanism  (eq  27)  for 

complexes  that  possess  ligands  that  can  change  hapticity  to  accomodate 

the  incoming  donor  ligand.   For  complexes  with  ligands  that  cannot 

change  hapticity,  ie.,  (OCKFe"",  substitution  can  occur  through 

collision  with  a  neutral  substrate  L  to  form  a  complex  bound  by  ion- 

dolple  attractive  forces  (L/(0C)3Fe/C0)*~  which  can  then  undergo  ligand 

substitution.   The  unimolecular  dissociative  mechanism  known  in  the 

condensed  phase  cannot  occur  in  the  gas  phase  as  once  a  metal  ion 

complex  is  formed  and  thermally  equilibrated,  there  is  no  energy 

available  to  effect  ligand  dissociation  other  than  by  collision  with  a 

neutral  substrate.   In  addition,  displacement  of  ligand  L  from  the 

metal  complex  MLn"  by  L   requires  that  D'(L-^MLnl")  >  D'(L-MLnl") 

since  only  exothermic  or  thermoneutral  reactions  can  be  observed  in  the 

139 

gas  phase  when  the  entropy  change  is  small. 

One  of  the  first  ligand  substitution  reactions  to  appear  in 
transition  metal  gas-phase  negative  ion  chemistry  was  reported  by 
Beauchamp  and  Corderman  (eq  40-42).    However,  these  authors  observed 
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CpCo(CO)2"  +  NO  — ►  CpCo(NO)*"  +  2CO  (40) 

CpCo(CO)"  +  NO  — ►  CpCo(NO)'"  +  CO  (41) 

CpCo(CO)"  +  PF3  — »  CpCo(PF3)*"  +  CO  (42) 

Cp  =  r75-C5H5 
that  both  of  the  parent  ions  CpCo(CO)j  -*'  failed  to  react  with  C2F4, 
NH3,  NMe3,  PMe3,  HCN,  and  ethylene  oxide.  These  results  were 
interpreted  in  terms  of  the  w-acceptor  abilities  of  the  various 
ligands.  PF3  and  NO  were  considered  to  be  stronger  7r-acceptors  than 
CO,  while  the  unreactive  ligands  above  were  weaker  w-acceptors  than 
CO.  The  implication  was  that  the  relative  metal -ligand  bond 
strengths  were  largely  determined  by  the  ability  of  L  to  backbond  with 
the  metal  and  that  the  a-donor  ability  of  L  was  less  important.  This 
was  in  marked  contrast  to  the  conclusions  previously  determined  about 

the  metal -ligand  bond  strengths  in  CpNi+,  where  D*(CpNi-L+)  was  shown 

141 
to  be  mainly  dependent  on  the  a-donor  ability  of  L. 

Recently,   McDonald   and   Schell   reported   numerous   ligand 

•  -  142 
substitution  reactions  with  the  17-electron  complexes  (0C)4Fe  , 

(0C)5Cr",142  (0C)4MnH~,142  (0C)Fe(N0)2*~,143  (0C)2Co(N0)*~,143  (r?3- 

C3H5)Co(C0)2",143  (r?1-C3H5)Co(C0)3",143  and  (r?3-Cp)Co(C0)2".143  The 

3 
reactions  of  the  metal  ion  complexes  that  possess  77  -C3H5,  NO,  and  Cp 

E 

(1?  -CgHg)  ligands  were  proposed  to  proceed  by  an  associative  mechanism 

where  the  bound  ligands  change  their  hapticities  to  accomodate  the  new 

3       13      1        3       1 
incoming  ligand  ie.,  »?  -C,Hg  ■*  tf-CgHg,  t)   -NO  ■»  tj   -NO,  and  rj  -Cp  -►  7?  - 

Cp,  resulting  in  17-electron  adduct  intermediates.  This  supposition 

was  consistent  with  the  observation  of  reactant  addition  products  and 

143 
observable  PHe  effects.    For  the  complexes  containing  only  ligands 
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with  constant  hapticity,  the  mechanism  for  substitution  was  proposed  to 
occur  either  via  a  Lewis  acid-base  intermediate  as  in  the  case  of 
reaction  with  S02,  by  reaction  with  an  incoming  1-electron  donor  ligand 
as  in  the  case  with  NO  or  0-,  or  by  formation  of  a  close  orbiting 
collision  complex  bound  by  ion-dipole  attractive  forces  as  in  the 
reaction  of  (OC).Fe*"  with  and  PF3-142  It  is  interesting  to  note,  that 
in  the  reaction  of  (0C).MnH~  with  02,  a  primary  product  is  the  formate 
anion  HC02".   The  proposed  mechanism  is  shown  in  Scheme  V.  This  was 

the  first  reported  example  of  a  migratory  insertion  reported  in  gas- 

142 
phase  negative  ion  chemistry. 

Scheme  V. 

CHO" 

/ 
(0C)4MnH~  +  02  — -  [(0C)4(H)Mn-O-0  ]  -  [(0C)3Mn     ]  — » 

0—0 

H 

I 
[(OC)3Mn— C— 0"]  —  [(OC)3Mn=0/HC02"]  —  (OC)3Mn=0  +  HC02 

0—0 
McDonald  and  co-workers  have  used  the  FA  to  study  the  ligand 

addition  and  substitution  reactions  of  Fe(CO)3*"  (eq  43).    In  eq  43a 

Fe(C0)3"  +  L  -*♦  (CO)3Fe(L)"  (43a) 

-^  (CO)2Fe(L)*~  +  CO  (43b) 

-£♦  (CO)Fe(L)*"  +  2C0  (43c) 

addition  was  observed  when  L  =  N2,  H_2,  CO,  H2C=CHCH3,  and  H2C=C=CH2. 

This  addition  was  formally  a  termolecular  reaction  as  the  excess  energy 

of  the  collision  complex  must  be  removed  by  the  helium  buffer  gas.   An 

oxidative  insertion  structure  was  proposed  for  product  of  reaction  when 
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L  -  H2,  (0C)3Fe(H)2*-.  Substitution  of  one  CO  ligand  was  observed  (eq 
43b)  when  L  =  HCsCH.  The  addition  product  when  L  =  allene, 
(0C)3Fe(C3H.)*~,  was  observed  to  undergo  a  secondary  ion/molecule 
substitution  reaction  with  allene  to  give  (0C)2Fe(C3H4)2*~  and  CO. 

McDonald  proposed  that  the  structure  of  (0C)2Fe(C3H4)2*"  involved  two 

2 
T]  -K- bound  allene  molecules.  A  ir-bound  structure,  similar  to  that  of 

(0C)2Fe(C3H.)2*~,  was  also  proposed  for  the  acetylene  adduct.  Loss  of 
two  CO  ligands  was  observed  (eq  43c)  when  L  =  QLBr,  with  the  proposed 
mechanism  involving  oxidative  insertion  into  the  C-Br  bond.  a  In 
addition,  Br-atom  transfer  was  also  observed  yielding  (OCKFeBr". 
McDonald  noted  that  none  of  the  ligands  L  reacted  with  Fe(CO).*"  except 
for  PF3,  emphasizing  that  this  was  expected  since  Fe(CO)/  "  is  formally 
a  17-electron  complex  and  that  any  incoming  two  electron  donor  ligand 
would  result  in  a  19-electron  intermediate.  The  subtitution  product 
observed  in  the  reaction  of  (OC).Fe*"  with  PF3  was  proposed  to  occur 
through  a  complex  bound  by  ion-dipole  attractive  forces 
(PF3/(0C)3Fe/C0)*~,  which  would  not  formally  be  considered  a  19- 
electron  complex. 

I.A.2.d.  N-H  Bond  Activation. 

Although  uncommon,  N-H  bond  activation  was  known  in  gas-phase 
transition  metal  ion  chemistry.  As  previously  mentioned,  Freiser  and 

co-workers  reported  oxidative  insertion  into  an  N-H  bond  in  ammonia  by 

138 
atomic  transition  metal  cations  (eq  44).    Freiser  proposed  that  the 

M+  +  NH3  ►  MNH+  +  H2  (44) 

M  =  Sc,  Ti,  V,  Y,  Zr,  Nb,  La,  Ta 
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mechanism  of  dehydrogenation  must  occur  via  oxidative  insertion  into  an 
N-H  bond  followed  by  a-hydrogen  migration  and  reductive  elimination  of 
H2. 

Early  work  by  Allison  and  Radecki  indicated  that  reaction  of  Co 

144 
with  simple  amines  gave  exclusively  the  (adduct-H2)  positive  ion. 

Allison  proposed  a  mechanism  which  involved  initial  insertion  into  the 

144 
N-H  bond  of  the  amine  followed  by  ^-elimination  of  H2  (eq  45).    The 

H        H  H 

*  NH        /    *  NH 

Co+  +  C,HKNH9  —  [CH,CHNH-Co+]     —  [||—  Co  +]     —  II— Co     +  H2   (45) 

2523  CH        \  CH 

\    H      \ 
Me  Me 


mechanism  was  tested  using  C2H5ND2  as  the  neutral  substrate.  The 
product  of  the  reaction  was  the  (adduct-HD)  positive  ion  which  is 
consistent  with  N-H  insertion.  However,  neither  the  isotope  effect  nor 
rate  constant  for  the  reaction  were  reported.  In  addition,  there 
was  no  (adduct-H2)  product  ion  in  the  reaction  of  Co  with  either  tert- 
butylamine  or  triethylamine.  In  the  former  case,  N-H  insertion  would 
yield  an  intermediate  with  no  ^-hydrogens  to  reductively  eliminate  H2, 
while  in  the  latter  case,  there  are  no  N-H  bonds  for  the  oxidative 
addition  reaction.  All  of  the  above  observations  are  consistent  with 
initial  N-H  insertion,144  but  it  seems  odd  that  C-H  oxidative  insertion 
was  not  observed,  especially  in  the  reaction  with  triethyl  amine  where 
primary  C-H  oxidative  insertion  would  yield  an  intermediate  with  fi- 
hydrogens  acessible  for  elimination. 
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The  only  report  of  N-H  activation  in  a  transition  metal  negative 

145 
ion  complex  involved  the  ICR  study  of  (0C)3Cr*~  with  simple  amines. 

In  this  study,  the  major  reaction  pathways  (among  others)  were 

formation  of  the  (adduct-CO)  and  (adduct-H2)  negative  ions.  Deuterium 

labelling  experiments  provided  information  that  suggested  that  the 

mechanism  of  product  formation  arises  from  initial  N-H  insertion  rather 

than  C-N  insertion.  However,  the  multitude  of  product  forming  channels 

in  these  reactions  suggested  that  the  metal  ion  complex  was  in  an 

electronically  or  vibrationally  excited  state. 

I.A.2.e.  C-F  Bond  Activation. 

C-F  bond  activation  in  a  gas-phase  transition  metal  complex  was 

unknown  until  the  recent  report  by  McDonald  and  Jones  of  the  reaction 

146 
of  (0C)3Mn"  with  C2Fg  and  several  fluorinated  ethylenes  (eq  46-49). 

(0C)3Mn"  +  C2F6  — »  Mn(C2F4)  +  F2  +  3C0  (or  C0F2  +  2C0)     (46) 

(0C)3Mn~  +  C2F4  — »  Mn(C2F4)"  +  3C0  (47) 

(0C)3Mn"  +  HFC=CF2  — »  Mn(C2HF2)"  +  3C0  (48) 

(0C)3Mn"  +  HFC=CHF  — *   Mn(C2H2F2f  +  3C0  (49) 

Reactions  47-49  were  fast  with  rate  constants  on  the  order  of  «  5  x 

10"10  cm3  molecule"1  s  .  The  astonishing  product  ions  corresponding 

to  (adduct-3C0)  were  indicative  of  highly  exothermic  reactions  which 

requires  generation  of  strong  new  bonds,  e.g.  Mn-F.   Characterization 

of  the  product  ions  structures  was  obtained  from  ligand  substitution 

reactions  with  S02.  In  each  case,  the  product  negative  ions  was 

F2Mn(S02)"  formed  by  substitution  of  the  corresponding  acetylene  (C2F2, 

C2HF,  and  C2H2,  respectively)  for  S02.146   These  results  confirmed 
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oxidative  insertion  of  Mn  into  the  C-F  bonds  of  the  alkenes.  Further, 

the  data  suggested  that  the  general  structure  of  the  (adduct-3C0) 

146 
negative  ion  was  53. 


c 

\I 
\ 

53 

X,Y  =  H  or  F 
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I.B.  Ojectives  of  this  Investigation. 

The  objectives  of  this  investigation  were  to  (1)  determine  the 
kinetics  and  negative  ion  products  from  the  reactions  of  (0C)2Fe*  and 
(OC)^Mn'  generated  from  dissociative  electron  attachment  (DEA)  of 
Fe(0C)5  and  Mn2(0C)1Q,  respectively,  with  various  neutral  reagents 
including  amines,  fluorine  containing  molecules  and  ethers,  and  (2)  to 
compare  the  reactivity  of  the  13-electron  complex  (0C)2Fe*~  to  the  14- 
electron  complex  (0C)3Mn~  based  on  the  kinetic  and  product  data. 
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I.C.  Experimental. 

I.C.I.  General  Procedure  for  the  Study  of  Ion/Molecule  Reactions  in 
the  Flowing  Afterglow. 

The  gas-phase  studies  of  negative  ions  were  carried  out  in  a 
flowing  afterglow  (FA)  apparatus  (Figure  1).  The  FA  consists  of  three 
distinct  regions,  an  ion  production  region,  an  ion/molecule  reaction 
region,  and  an  ion  detection  region.  Helium  is  introduced  into  the 
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Figure  1.  Schematic  diagram  of  the  flowing  afterglow. 


the  upstream  end  of  the  flow  tube  with  10%  of  the  helium  flow  added 
below  the  electron  gun  and  the  remaining  90%  added  via  the  inlet 
through  a  glass  frit  at  the  left  of  the  flow  tube.  A  fast  flow 
velocity  (y  =  80  m/s)  and  a  modest  pressure  (P„  =  0.5  to  0.9  torr)  are 
established  and  maintained  during  the  experiment  by  a  large,  fast 
pumping  system.  The  ions  of  interest  are  continuously  generated  by 
adding  small  concentrations  of  neutral  precursors  via  inlet  1  located 
just  downstream  of  the  electron  gun  in  the  Pyrex  glass  side-arm. 
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The  added  neutral  precursor  molecules  undergo  dissociative  electron 
attachment  (DEA)  with  the  electrons  present  in  the  plasma  in  the 
vicinity  of  the  electron  gun  to  produce  the  ions  of  interest.  The 
initially  formed,  vibrational^  excited,  negative  ions  are  then  cooled 
to  their  ground  vibrational  and  electronic  states  in  the  next  70  cm  of 
the  flow  tube  through  numerous  collisions  with  the  helium  buffer  gas. 
These  ground  state  ions  are  then  allowed  to  react  with  neutral  reactant 
gases  added  via  the  neutral  inlet  port,  and  the  ion/molecule  reactions 
occurr  in  the  final  65  cm  of  the  flow  tube.  The  helium  flow  is  sampled 
through  1  mm  orifices  in  two  molybdenum  nose  cones  into  a 
differentially  pumped  compartment  operating  at  =  10"  torr  containing 
the  quadrupole  mass  filter  and  electron  multiplier  which  continuously 
monitor  the  ion  composition  of  the  flow.  In  this  way,  the  signal 
intensity  of  starting  and  product  ions  are  monitored  as  a  function  of 
the  concentration  of  the  added  neutral  reactant. 

I.C. 2.  The  Flow  Tube. 

The  flow  tube  is  a  stainless  steel  pipe  (Supplier:  Hostettler 
Metals)  with  dimensions  of  7.15  cm  i.d.  x  135  cm  long  of  modular  design 
consisting  of  various  lengths  of  tube  and  inlet  sections  bolted 
together  by  mated  flanges  with  0-ring  seals.  This  design  allows  flow 
tube  sections  to  be  added  or  changed  based  on  the  experimental  needs. 
The  neutral  inlet  ports  located  along  the  length  of  the  flow  tube  are 
glass  tubing  (2.5  mm  i.d.)  bent  into  doughnut-shaped  ports  with  a 
diameter  slightly  smaller  than  the  inside  diameter  of  the  flow  tube. 
Small  holes  are  punched  along  the  inside  of  the  glass  ring  so  that  the 
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neutral  gases  are  directed  toward  the  center  of  the  helium  flow.  The 
flow  tube  pressure  is  measured  by  a  MKS  Baratron  manometer  (model  PDR- 

5b,  MKS  Instruments,  Inc.),  while  the  flow  of  helium  is  measured  with  a 

148 
precalibrated  tri-flat  flowmeter  (Fisher  and  Porter  #449-306).     The 

helium  flow  velocity  and  flow  tube  pressure  were  adjusted  by  throttling 

a  gate  valve  which  connects  the  FA  to  a  Stokes  Roots  blower/mechanical 

pump  (model  1722-S)  via  an  8  in.  diameter  aluminum  pipe. 


I.C. 3.  The  Ion  Production  Region. 

The  electron  gun  is  located  in  the  Pyrex  glass  side-arm  (8  in. 
long  x  45  mm  diameter)  in  the  upstream  end  of  the  flow  tube.  It 
consists  of  either  a  0.0002  in.  x  0.0027  in.  x  1.25  in.  long  thorium 
oxide  coated  iridium  filament  (Electron  Technology)  or  a  0.0001  in.  x 
0.0030  in.  x  1.25  in.  long  uncoated  rhenium  filament  (H.  Cross  Inc.) 
and  an  accelerating  grid  made  of  fine  mesh  tungsten  screen.  The  power 
supply  for  the  filament  was  a  Hewlett  Packard  series  MPB-S  (model 
6286A)  DC  power  supply,  capable  of  delivering  0  to  24  volts  and  0  to  12 
amps.  The  accelerating  voltage  power  supply  was  a  Keithley  245  high 
voltage  power  supply  (model  49099  A),  capable  of  supplying  0  to  ±1000  V 
and  0  to  150  ma.  The  current  between  the  filament  and  mesh  grid  was 
continuously  monitored  by  a  Micronta  multimeter  (Radio  Shack)  and 
varied  between  10  uA  and  10  mA.  In  order  to  reduce  background  noise, 
the  Extrel  C-50  mass  spectrometer,  filament  DC  power  supply,  high 
voltage  power  supply,  and  multimeter  were  connected  to  a  common  ground. 
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I.C.4.  Differentially  Pumped  Analysis  Section. 

Since  the  Extrel  C-50  mass  spectrometer  only  gives  good  resolution 
at  pressures  <  10  torr,  a  differentially  pumped  analysis  section  was 
utilized.  The  fast  helium  flow  was  sampled  through  a  1.0  mm  orifice  in 
the  first  of  two  molybdenum  nose  cones  (Amax  Specialty  Metals  Corp.). 

The  chamber  directly  behind  the  first  nose  cone  was  maintained  at  a 
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pressure  of  *  10   torr  by  a  Varian  6"  oil  diffusion  pump  backed  by  a 

Welch  model  1397  mechanical  pump.  The  cylindrically  shaped  third 
differentially  pumped  chamber  located  behind  the  second  molybdenum  nose 
cone  with  a  1  mm  orifice,  houses  the  quadrupole  mass  filter  and 
electron  multiplier.  This  latter  chamber  is  maintained  at  =  10"  torr 
by  a  Pfeiffer  TPH-500  turbomolecular  pump  backed  by  a  Welch  model  1402 
mechanical  pump.  With  this  pumping  scheme,  the  ion/molecule  reactions 
can  be  carried  out  at  pressures  between  0.4  to  1.2  torr,  while  the  ion 
mass  analysis  with  the  quadrupole  mass  filter  and  electron  multiplier 
is  done  at  pressures  of  2  to  7  x  10  torr.  Pressures  above  1  x  10 
torr  severly  affect  the  unit  mass  resolution  of  the  Extrel  C-50  mass 
spectrometer. 


I.C. 4. A.  Quadrupole  Mass  Filter  and  Electron  Multiplier. 

The  nominal  range  of  the  Extrel  C-50  mass  filter  is  10  to  1200 
amu.  A  channeltron  electron  multiplier  is  used  to  count  the  ions  and  a 
conversion  dynode  (Figure  2)  reduces  mass  discrimination.  In  Figure  2, 
the  negatively  charged  ions  exiting  the  mass  filter  pass  through  an 
aperture  in  the  grounded  shield  and  are  attracted  to  the  conversion 
dynode  held  at  +4  KeV.  When  the  negative  ions  strike  the  conversion 
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Figure  2.  Conversion  Dynode  for  Negative  Ion  Detection, 


dynode  they  undergo  charge  stripping  to  produce  positively  charged  ions 
and  effect  sputtering  from  either  the  metal  of  which  the  conversion 
dynode  is  made  or  from  the  gases  adsorbed  on  its  surface.  These 
positive  secondary  ions  are  then  attracted  to  the  funnel  of  the 
channeltron  held  at  -2  KeV. 

The  advantage  of  using  a  conversion  dynode  multiplier  for  negative 
ion  detection  is  that  the  ions  strike  the  conversion  dynode  at  high 
potential  energy.  The  secondary  emission  ratio  for  heavier  ions  is 
increased  more  than  that  of  the  lighter  ions  such  that  the  mass 
discrimination  of  the  multiplier  is  reduced. 

The  negative  ions  sampled  from  the  flow  tube  are  focused  into  the 
quadrupole  mass  filter  by  a  series  of  ion  lenses.  The  potential 
settings  for  these  lenses  are  listed  in  Table  V  for  each  of  the 
negative  ions  investigated. 
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Table  V.  Lens  Settings  and  Potentials  for  Optimized  Signals  in  the 
Extrel  C-50  Mass  Spectrometer. 


Lens  # 


1 

2 

3 

4 

5 

6 

1st  nose  cone 

1st  NC  holder 

2nd  nose  cone 


Mn(CO). 


+  84.5  mV 
+  80.9  mV 
+  23.7  mV 
+  29.7  mV 
+  7.9  mV 
+  2.3  mV 

-  5.1  V 

-  24.0  V 
+  24.0  V 


Fe(CO) 


2 


+  69.4  mV 
+114.1  mV 
+  31.8  mV 
+  31.2  mV 
+  13.6  mV 
+  4.6  mV 

-  1.2  V 

-  24.0  V 
+  24.0  V 


I.C. 5.  Kinetics 

Kinetics  of  the  bimolecular  ion/molecule  reactions  in  the  FA  were 
determined  under  psuedo-first-order  conditions  where  the  concentration 
of  the  added  neutral  reagent  was  in  large  excess  of  the  starting  ion. 
Experimental  conditions  dictate  that  the  concentration  of  the  starting 

ion  is  <  108  ions  cm"3,  while  the  added  neutral  reagent  was  >  10 

o  17-3 

molecules  cm   in  a  flow  containing  10   atoms  cm   of  helium  at  a  PHe 

=  0.5  torr.  The  ion/molecule  reaction  distance,  which  is  related  to 

time  in  a  flow  system,  was  held  constant  while  the  concentration  of 

added  neutral  reagent  [N]  was  varied.  At  each  new  concentration  of 
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neutral  reagent,  the  signal  intensity  of  the  starting  ion  I"  was 
measured.  Principal  destruction  pathways  of  I"  were  reaction  with  N, 
diffusion  to  the  walls  of  the  flow  tube  and  reaction  with  impurities  M. 
The  integrated  rate  law  for  these  processes  is  given  in  equation  50. 


ln([i;]/[I"])  =  ((D0/A2PHe)  +  kM[M]  +  kN[N])(z/y)(l/r?)      (50) 


In  equation  50,  [I~]  is  the  beginning  concentration  of  the 

starting  ion  in  the  absence  of  the  added  neutral  molecule.  [I~]  is  the 

signal  intensity  of  the  starting  ion,  which  is  relative  to  the 

concentration  of  I"  when  it  reaches  the  first  nose  cone,  D  is  the 

o 

pressure  independent  diffusion  coefficient,  rj   is  the  correction  factor 

149 
for  parabolic  flow  (1.59),    A  is  the  diffusion  length  of  the  flow 

tube,  kM  represents  the  reaction  rate  of  I"  with  impurities  in  the 

flow,  [M]  is  the  concentration  of  impurities  in  the  flow,  and  L, 

represents  the  bimolecular  rate  constant  for  the  reaction  of  I"  with 

the  added  neutral  reactant  N.   The  reaction  time  is  given  by  the 

reaction  distance  z  divided  by  the  flow  velocity  y  (~   80  m/s). 

Since  the  first  two  destruction  terms  in  equation  50  are  constant, 

the  only  change  in  the  signal  intensity  of  I"  will  be  due  to  reaction 

with  N.  A  plot  of  the  logarithm  of  the  signal  intensity  of  I"  vs  d[N] 

will  produce  a  straight  line  with  a  slope  equal  to  kN(z/y)(l/r?) .  It  is 

assumed  that  the  average  buffer  gas  flow  velocity  y  multiplied  by  1.59 

is  the  average  transport  velocity  of  the  ions  v..150  The  slope  of  the 

log[I"]  vs  [N]  plots  are  used  to  calculate  the  rate  constant  at  298  K 

using  equation  51,  where  [I"]  is  the  signal  intensity  of  the  starting 
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ion,  F„   and  P„  are  the  flow  rate  and  the  flow  tube  pressure  of  the 

helium  buffer  gas,  respectively,  r  is  the  radius  of  the  flow  tube  (3.56 

cm),  and  D  is  the  distance  from  the  ion/molecule  neutral  inlet  to  the 
first  nose  cone  (65.96  cm). 


3        ,   i      d(log[I"]/[I"]> 

k(cmJ  molecule"1  s"1)  =  _ x  (51) 

_3 
d[N] (molecule  cm  ) 


F,.  (atm  cm3  s"1)  x  3.04  x  103(torr  atm"1) 


He' 


2   2 
Pm  (torr)  x  r  (cm  )  x  D(cm) 


The  constant  in  equation  ??  (2.303  x  760  torr  x  1.59  x  (298  K  / 

3         -1 
273  K)  =  3.04  x  10  torr  atm  )  contains  the  parabolic  flow  correction 

149 
factor.     Most  of  the  present  research  was  done  using  the  distance 

(D)  given,  but  due  to  the  move  into  a  new  Chemistry/Biochemistry 

building,  (reconstruction  of  the  FA  apparatus),  D  for  some  of  the  rate 

constants  was  changed  from  65.96  cm  to  77.95  cm. 

The  concentration  of  the  added  neutral  reagent  [N]  was  determined 
by  measuring  the  elapsed  time  (AT)  for  the  pressure  change  (AP)  of  the 
neutral  gas  flowing  into  an  evacuated  vessel  of  known  volume  and  using 
equation  52.  By  multiplying  the  number  obtained  from  AP(torr)/AT(s)  by 

[N](molecules  cm"3)  =  PHe(torr)  x  FN(atm  cm"3  s"1)  x       (52) 


16  3      1 

3.24  x  10  (molecules  cm"  torr"  ) 

I3  7i 
F„  (atm  cm   s  ) 
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equation  52,  the  concentration  of  [N]  can  be  determined.  In  this 
equation  FN  is  the  neutral  reactant  flow,  F„  and  P„  are  the  flow  and 
the  pressure  of  the  helium  buffer  gas,  respectively.  The  constant  in 
equation  52  (3.24  x  1016  (molecules  cm"3  torr"1)  =  (6.023  x 
1023(molecules  mol"1))  /  (24.45  (cm3  mol"1)  x  760  (torr  atm"1)))  is  a 
conversion  factor. 

Based  on  the  above  equations,  it  is  assumed  that  I"  is  formed  only 
in  the  upstream  end  of  the  flow  tube.  To  ensure  this,  Ar,  N2,  or  CH. 

can  be  added  to  the  flow  via  inlet  2  or  5  in  order  to  quench  the 

*  3 

He  (2  S)  atoms  formed  at  the  electron  gun.  These  metastable  atoms 

could  ionize  I  to  I+  resulting  in  ejection  of  an  electron.  Due  to  its 
large  cross  section  for  electron  attachment,  SFg  was  added  to  the  flow 
at  the  neutral  inlet  port  to  confirm  that  there  were  no  electrons  or 
helium  metastable  atoms  present  at  this  point.  For  the  unsaturated 
organometallic  species  requiring  energetic  electrons  in  DEA,  it  was 
assumed  that  the  high  energy  electrons  are  only  present  in  the  vicinity 
of  the  electron  gun  and  are  not  present  at  the  neutral  inlet. 

The  negative  ion  mass  spectrum  of  a  particular  reaction  could  be 
observed  on  the  oscilloscope  by  scanning  the  quadrupole  mass  filter. 
The  mass  spectrum  of  the  ions  in  the  flow  was  recorded  before  and  after 
addition  of  N  to  the  flow,  since  the  signal  of  the  starting  ion  with  no 
added  neutral  reagent  did  fluctuate  throughout  a  kinetic  experiment. 
The  mass  spectra  were  recorded  by  passing  the  analog  signal  through  a 
fast  A/D  converter  (AI13  from  Interactive  Structures,  Bala  Cynwyd,  PA) 
and  on  to  an  Apple  He  computer  through  software  developed  by 
Interactive  Microware  (IMI,  State  College,  PA).  Eight  spectra  were 
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recorded,  stored  on  disk,  and  later  averaged  in  order  to  maximize  the 
signal  to  noise  ratio.  The  averaged  spectra  were  baseline  corrected 
and  integrated  to  obtain  the  peak  area  as  a  function  of  neutral 
reactant  concentration.  Rate  constants  were  generally  derived  from  the 
slope  of  at  least  six  different  neutral  concentration  additions. 

Approximately  one-half  of  the  data  was  taken  on  the  Apple 
computer.  In  order  to  increase  peak  resolution,  data  acquisition  was 
changed  to  a  Zenith  model  Z248  AT  using  Labtech  Notebook  software 
(Laboratory  Technologies  Corporation,  255  Ballardvale  St.,  Wilmington, 
MA,  01887).  The  analog  signal  of  the  mass  spectrometer  was  passed  to  a 
DAS-8  A/D  converter  (Metrabyte  Corp.,  440  Myles  Standi sh  Blvd., 
Taunton,  MA  02780)  and  then  to  the  Zenith  computer  through  the  Labtech 
Notebook  software.  Four  spectra  were  taken  for  each  data  point  and 
zero  point.  These  spectra  were  then  averaged,  baseline  corrected  and 
integrated  to  obtain  the  peak  area  as  a  function  of  neutral  reactant 
concentration.  Plots  of  log([I~]/[f])  vs  neutral  concentration 
produced  a  straight  line  (<0.99)  for  the  decay  of  the  starting  ion. 
The  slope  of  this  line  was  used  to  calculate  the  bimolecular  rate 
constant  for  the  ion/molecule  reaction  using  equation  51. 

The  rate  constants  reported  are  usually  the  averages  of  three 
independent  kinetic  experiments  in  which  at  least  one  was  performed 
with  a  different  loading  (concentration)  of  neutral  reactant.  The  bulk 
of  the  reactions  reported  produced  well-behaved  pseudo-first-order 
decay  constants  for  the  starting  ion  to  >  85%  decay  of  the  ion.  The 
rate  constants  reported  are  thought  to  be  accurate  to  ±  20%  due  to 
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systematic  errors  in  the  flow  and  pressure  measuring  devices.  However, 

120 
rate  constnats  were  usually  reproducible  to  within  ±  10%. 

The  reported  product  ion  branching  fractions  are  estimated  to  be 

accurate  to  ±  5%  absolute  depending  on  the  magnitude  of  difference 

between  the  mass  of  the  starting  and  product  ions.  This  error  results 

from  the  faster  diffusion  rate  of  lighter  ions  vs  heavier  ions  to  the 

walls  of  the  flow  tube,  and  the  mass  discrimination  of  the  nose  cones, 

lens  assembly,  quadrupole  mass  filter,   conversion   dynode,   and 

151 
multiplier  in  the  detection  of  the  ions. 

The  reported  collision  limited  rate  constants  (knQ0)  for  the 

ion/molecule   reactions  were  calculated  using  the  Average  Dipole 

152 
Orientation  theory  (eq  53).    In  eq  53,  q  is  the  charge  of  the  ion, 


kAD0  =  —  [<*1/Z   +  C/iD(2/™T)1/2]  (53) 

^1/2 


/i  is  the  reduced  mass  of  the  ion  and  the  neutral  reactant,  a  is  the 

polarizability  of  the  neutral  molecule  which  can  be  calculated  using 

153 
the  method  of  Miller   when  experimental  values  are  not  available,  /zn 

is  the  dipole  moment  of  the  neutral  reactant,  C  is  the  dipole  locking 

152a 
constant,    k   is  the  Boltzmann  constant,  and  T  is  the  absolute 

temperature.   If  the  dipole  moment  of  the  molecule  is  unknown,  the 

Langevin  collision  limited  rate  constant  can  be  calculated  by  equation 

152a 
54.  '    In  equation  54,  all  the  constants  are  the  same  as  in  the  k.DQ 

equation  except  that  nQ   is  set  to  zero.   The  reaction  efficiencies 

kLAN  =  27rq(or//i)1/2  (54) 
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listed  in  Tables  VI-XI  and  XIV-XVII  are  calculated  by  equation  55. 
This  is  simply  the  experimental  rate  constant  divided  by  either  the 


kAD0  or  kLAN" 


Reaction  Efficiency  =  ktotal  /  (kADQ  or  kLAN)      (55) 

The  ion/molecule  reactions  in  which  the  major  product  was  the 
total  adduct  negative  ion  are  assumed  to  be  termolecular  since 
collisions  of  the  excited  adduct  with  the  helium  buffer  gas  are  needed 
to  remove  excess  energy  and  stabilize  the  adduct.  These  termolecular 
reactions  can  frequently  be  confirmed  by  changing  the  PHe  which  should 
change  the  rate  constants  or  branching  fractions.  However,  in  the 
studies  with  (C0)2Fe*~  and  (C0)3Mn~  such  PHe  variations  were  not 
possible  as  changing  the  PHe  significantly  reduced  the  signal  of  the 
starting  ion  to  a  point  where  kinetic  studies  were  not  possible. 

I.C. 6.  Materials 

The  helium  buffer  gas  (99.99%,  Welder  products,  Topeka,  Kansas; 
99.99%,  Brown  Welding,  Salina,  Kansas;  99.99%,  Knoll  Welding,  Topeka, 
Kansas)  was  purified  through  two  traps  filled  with  Davison  4A  molecular 
sieves  cooled  with  liquid  nitrogen.  The  helium  was  then  warmed  to  room 
temperature  in  a  glass  coil  prior  to  introduction  into  the  flow  tube. 
Other  gas  purities  and  suppliers  were  argon  (99.99%),  nitrogen 
(99.99%),  hydrogen  (99.99%)  and  oxygen  (Welder  products);  CH30CH3 
(99.87%),  NH3  (99.99%),  CH3NH2  (98.0%),  (CH3)2NH  (99.0%),  (CH3)3N 
(99.0%),  SF6  (99.99%),  S02  (99.98%),  CH4  (99.0%),  Xe  (99.9%),  Kr 
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(99.99%),  (Matheson);  D2  (99.7%,  Ideal  Gas  Products);  CF2=  CH2  (99.5%), 
(SCM  Specialty  Chemicals);  (CD3)2NH  (99.6  atom  %  D),  CD3OCH3  (99.27 
atom  %  D)  (MSD  Isotopes).  A  liquid  reagent  Et2NH  (98.0%,  Aldrich) 
was  distilled  prior  to  use  and  a  center  cut,  constant  boiling  fraction 
(bp  =  55°  C)  was  loaded  into  5-L  glass  storage  bulbs  immediately 
following  three  freeze-pump-thaw  cycles  using  liquid  nitrogen  as 
coolant.  Other  reagents  were  purchased  from  commercial  suppliers  at 
the  highest  purity  available  and  were  used  without  further  purification 
other  than  three  freeze-pump-thaw  cycles;  1,2-difluorobenzene  (98.0%, 
Aldrich);  Fe(C0)5  (99.5%,  Pfaltz  &  Bauer);  Mn2(C0)1Q  (Strem  Chemical 
Co.). 

I.C. 7.  Generation  of  (OC)2Fe*~  and  (0C)3Mn\ 

Generation  of  (0C)2Fe*~  was  accomplished  by  dissociative  electron 
attachment  (DEA)  with  high  energy  electrons  with  Fe(C0)5-  Fe(C0)5  was 
placed  in  a  glass  finger  and  sealed  with  a  Kontes  0-ring  valve  under  a 
nitrogen  atmosphere.  This  finger  was  cooled  in  an  acetone/ice  bath  and 
the  Fe(C0)5  was  added  to  the  FA  at  inlet  1  through  a  stainless  steel 
needle  valve  at  Pn  =  0.900  torr  in  the  flow  tube.  The  rate  of 
addition  of  Fe(C0)5  was  regulated  by  the  stainless  steel  needle  in 
order  to  optimize  signal  intensity.  Typically,  only  very  low 
concentrations  of  Fe(C0)5  (needle  valve  barely  open)  were  needed  to 
generate  sufficient  signal  intensities  for  kinetic  and  product 
measurements.  At  low  emission  currents  of  500  /xA,  using  the  rhenium 
filament  with  the  DC  power  supply  at  4  A  and  the  high  voltage  power 
supply  at  -100  V,  DEA  of  Fe(C0)5  gave  (0C)4Fe"  (m/z  168)  as  the  major 
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ion  in  the  flow  tube  (Figure  3a),  as  well  as  smaller  signals  of 
Fe2(C0)8"  (m/z  336)  and  Fe2(C0)7"  (m/z  308).  Increasing  the  emission 
current  to  1.5  mA  and  operating  the  DC  power  supply  at  5.5  A  and  the 
high  voltage  power  supply  at  -150  V,  DEA  of  Fe(C0)5  gave  a  mixture  of 
(0C)4Fe"  (m/z  168)  and  (0C)3Fe*~  (m/z  140)  (Figure  3b).  Under  these 
conditions,  (0C)4Fe*~  is  still  the  dominant  ion  present,  but 
appreciable  amounts  of  (0C)3Fe"  are  present  and  a  trace  amount  of 
(0C)?Fe"  (m/z  112)  is  detectable  with  lesser  amounts  of  the  Fe2 
species  present.  Increasing  the  DC  power  supply  to  6.5  A  and  the  high 
voltage  to  -200  V  produced  an  emission  current  of  8  mA  to  give 
(0C),Fe*~  (m/z  140)  as  the  dominant  ion  in  the  FA  and  appreciable 
amounts  of  (0C)2Fe*~  (m/z  112)  and  (0C)4Fe'~  (m/z  168)  (Figure  3c)  with 
only  trace  amounts  of  the  Fe2  species  present.  Figure  3c  is  typical  of 
the  standard  operating  conditions  used  to  determine  the  ion/molecule 

reactions  of  (0C)2Fe".  The  isotope  peaks  at  (M-2),  (M+l),  and  (M+2) 

54  5/p-    »  10/  b  o  r- 

are  due  to  the  isotopes  of  iron  (  Fe  =  5.8%,  '  Fe  =  2.1%,   he  = 

n  18         154 

0.3%),  carbon  (1JC  =  1.1%),  and  oxygen  C   0  =  0.2%). 

The  ion/molecule  reactions  of  the  ions,  (0C)4j3)2Fe"  can  be 

determined  on  an  individual  basis.   This  determination  is  done  by 

starting  with  the  reaction  of  (0C)4Fe"  (m/z  168).  As  shown  in  Figure 

3a,  m/z  168  can  be  generated  as  the  exclusive  monometal  ion  present  in 

the  flow  tube.  The  ion/molecule  reaction  of  m/z  168  can,  therefore,  be 

determined  exclusively.  Once  the  chemistry  of  (0C)4Fe*~  (m/z  168)  has 

been  determined,  the  separate  chemistry  of  (0C)3Fe"  (m/z  140)  can  be 

observed  from  the  mixture  shown  in  Figure  3b.  By  the  same  principle, 

the  chemistry  of  (0C)2Fe*~  (m/z  112)  can  be  determined  from  the  mixture 


-66- 

shown  in  Figure  3c.  The  only  limitation  to  this  procedure  is  that  the 
new  product  ions  of  any  of  this  series  should  not  overlap  with  the 
signals  of  existing  starting  ions  or  their  product  ions. 

Generation  of  (OCKMn"  was  accomplished  by  DEA  with  Mn2(C0)1Q, 
which  was  added  via  inlet  1  from  a  glass  finger  sealed  with  a  Kontes  0- 
ring  valve  with  the  FA  operating  at  PHe  =  0.700  torr  and  y  =  70  m/s. 
The  Mn2(C0)1Q  was  inletted  to  the  flow  tube  by  fully  opening  the  Kontes 
valve.  At  an  emission  current  of  50  /iA  using  the  electron  gun  with  a 
rhenium  filament  and  the  DC  power  supply  at  4  A  and  the  high  voltage 
power  supply  at  -100  V,  (0C)5Mn~  (m/z  195)  was  produced  (Figure  4a) 
with  larger  amounts  of  Mn2(C0)g'~  (not  shown).  In  this  study,  the 
reactions  of  the  dinuclear  manganese  compounds  were  not  examined. 
Increasing  the  emission  current  to  500  /iA  with  the  DC  power  supply  at  5 
A  and  the  high  voltage  power  supply  at  -200  V,  (0C)5Mn"  (m/z  195)  and 
(OChMn"  (m/z  167)  were  the  dominant  ions  in  the  FA  (Figure  4b)  along 
with  a  trace  amount  of  (OCkMn"  (m/z  139)  and  lesser  amounts  of  the 
dinuclear  mangnese  ions  (0C)9Mn2'~,  (0C)gMn2'~,  (0C)7Mn2'~.  Increasing 
the  emission  current  to  3.5  mA  with  the  DC  power  supply  at  6  A  and  the 
high  voltage  power  supply  at  -250  V  yielded  (0C)3Mn"  (m/z  139)  as  the 
dominant  ion  in  the  FA,  with  a  lesser  amount  of  (0C)4Mn~  (m/z  167)  and 
trace  amounts  of  (0C)5Mn"  (m/z  195)  and  the  dinuclear  manganese  ions 

(0C),  gMn2'"  (Figure  4c).   Since  there  are  no  naturally  occurring 

55 
isotopes  of   Mn,  the  isotope  peaks  observed  for  the  ions  in  Figure  4 

are  due  only  to  the  isotopes  of  carbon  and  oxygen. 

The  individual  reactions  of  the  ions  (0C)5  4  3Mn"   can   be 

determined   by   the  same  procedure  described  with  (0C)2  3  ^Fe*  . 
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1.0.  Results  and  Discussion. 

1.0.1.  Reactions  of  (0C)2  3  4Fe*~  and  (0C)3  4^5Mn". 

The  reactions  of  the  iron  and  manganese  negative  ions  will  be 
presented  together  since  the  related  complexes  in  both  sets  exhibit 
similar  reactivity.  (0C)2Fe"  is  a  13-electron  multicoordinatively  and 
multielectronically  unsaturated  (MCMEU)  transition  metal  complex 
negative  ion.  Being  deficient  of  five  electrons  and  formally  having 
two  vacant  coordination  sites  (one  site  is  occupied  by  an  electron), 
(OC)?Fe'~  is  a  very  reactive  metal  species.  The  other  iron  complex 
negative  ions  present  in  the  helium  flow  from  generation  of  (OC)2Fe* 
include  the  15-electron  (OC)3Fe*~  and  the  17-electron  (0C)4Fe'~. 
(OCUMn"  is  a  14-electron  MCMEU  transition  metal  complex  negative  ion 
that  is  deficient  of  four  electrons  and  has  two  vacant  coordination 
sites.  Also  present  in  the  helium  flow  containing  (OC)3Mn~  are  the  16- 
electron  (OCKMn"  and  the  18-electron  (OC)5Mn~  negative  ions.  Being 
deficient  of  one  more  electron  than  (OC)3Mn",  (OC)2Fe'~  is  expected  and 
frequently  found  to  be  slightly  more  reactive  than  (OC)3Mn  .  This 
was  evidenced  by  the  fact  that  (OC)2Fe*~  forms  adducts  with  CH4  and 
(CH3).C137  while  (OC)3Mn~  failed  to  react  with  these  substrates  and 
(OC)2Fe"  is  experimentally  more  difficult  to  generate. 

I.D.I. a.  With  Amines. 

The  reactions  of  (OC)2Fe*~  and  (OC)3Mn"  with  various  amines  are 
listed  in  Tables  VI  and  VII,  respectively.  The  reactions  of  the  less 
coordinatively  unsaturated  ions,  (0C)3  4Fe"  and  (0C)4  5Mn"  are  listed 
in  Tables  VIII-XI.  The  reactions  of  (OC)2Fe"  and  (OC)3Mn~  with  NH3 
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and  ND3  were  reported155  (eq  56  and  57).  It  was  found  that  (0C)2Fe* 
(0C)2Fe"  +  NH3  ►  (0C)Fe(H)(NH2)"  +  CO;   kR/kD  =  2.1     (56) 

(0C)3Mn"  +  NH3  -^  (0C)3Mn(NH3)";  kH/kQ  =  1.0    (57) 

reacted  with  NH3  by  an  oxidative  insertion  mechanism  to  yield  the 
(adduct-CO)  negative  ion  as  evidenced  by  the  isotope  effect  (kHAD  = 
2.1)  in  the  reaction  of  ND3.  The  analogous  reaction  of  (0C)3Mn  with 
NH3  formed  the  total  adduct  negative  ion  with  no  isotope  effect 
observed  with  ND.,.  The  isotope  effect  observed  in  eq  56  indicated  that 
an  N-H  bond  was  being  broken  in  the  rate  limiting  step  of  the  reaction 
with  (0C)2Fe".  The  absence  of  an  isotope  effect  in  reaction  57 
supported  the  contention  that  the  Lewis  acid-base  complex  was  the 
product  with  (OCKMn".  Support  for  this  mechanism  was  found  in  the 
comparison  of  rate  constants,  where  (0C)3Mn"  reacted  slower  by  a  factor 
of  10,  possibly  due  to  the  need  for  collisional  stabilization  of  the 
total  adduct  negative  ion  with  the  helium  buffer  gas.  The  excess 
energy  generated  from  forming  Fe-NH2  and  Fe-H  bonds  in  the  reaction  of 
NH3  with  (0C)2Fe"  caused  expulsion  of  a  CO  ligand,  while  (0C)3Mn" 
reacts  with  NH3  to  form  only  the  total  adduct  negative  ion.  Neither 
(0C)3  4Fe"  (Table  VIII  and  IX,  respectively)  or  (0C)45Mn"  (Table  X 
and  XI,  respectively)  reacted  with  NH3> 

It  was  decided  to  investigate  the  reactions  of  these  reactive 
metal  species  with  the  higher  molecular  weight  amines  which  contain 
both  N-H  and  C-H  bonds.  In  the  reactions  of  (0C)2Fe'~  and  (0C)3Mn" 
with  primary  and  secondary  amines,  the  exclusive  reaction  channel  was 
formation  of  the  (adduct-H2)  negative  ion  with  retention  of  the  CO 
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1 igands  (eq  58).  The  major  source  of  the  eliminated  H2  molecules  in 
these  reactions  was  a  hydrogen  from  the  N-H  bond  and  a  hydrogen  from  a 
C-H  bond  in  the  starting  amine  based  on  the  results  of  the  reactions 
with  (CD3)2NH  which  will  be  discussed  in  detail  later.  Both  (0C)2Fe" 
(Table  VI)  and  (0C)3Mn"  (Table  VII)  reacted  with  the  tertiary  amine 
Me3N  to  give  the  total  adduct  negative  ion  (eq  59).  (0C)3Fe"  (Table 
VIII)  and  (0C)4Mn"  (Table  X)  reacted  slowly  with  the  investigated 
(0C)xM~  +  HN(CH2R1)(R2)  ►  (OC))(M(ff-R1HC=NR2)"  +  H2        (58) 

R1  =  R2  =  H;  R1  =  H,  R2  =  Me;  R1  =  Me,  R2  =  Et 
M  =  Fe,  x  =  2;  M  =  Mn,  x  =  3 

(0C)xM"  +  NMe3  —  (0C)xM(NMe3)~  (59) 

M  =  Fe",  x  =  2;  M  =  Mn",  x  =  3 
amines  (NH3  failed  to  react)  to  yield  only  the  total  adduct  negative 
ion,  while  neither  (0C)4Fe"  (Table  IX)  nor  (OC)5Mn"  (Table  XI)  gave 
any  reaction  products  with  the  amines.  The  rate  constants  for  the 
amine  reactions  with  (0C)2Fe'~  and  (0C)3Mn~  are  summarized  in  Table 
XII. 

The  rate  constants  for  the  reactions  of  (0C)2Fe"~  and  (0C)3Mn~ 
with  NH3  and  the  amines  are  generally  large  values  with  reaction 
efficiencies  >  0.1;  the  exception  is  the  smaller  rate  constant  (by 
about  a  factor  of  10)  for  the  reaction  of  (OCKMn"  with  NH3  which 
yields  the  total  adduct.  In  the  larger  data  set  for  the  reactions  of 
(0C)2Fe*~  (Table  XII),  the  rate  constants  for  the  NH3  and  primary  and 
secondary  amine  reactions  showed  a  qualitative  correlation  with  the 
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Table  XII.  Comparison  of  Rate  Constants  for  the  Reactions  of  (0C)2Fe* 
and  (0C)3Mn"  with  Amines. 


Amine 

1 Ion, 

k    b 
*total 

Amine 

PAa 

(0C)2Fe" 

(0C)3Mn 

NH3 

205.0 

1.9  x  10"10 
(6.3  x  lO"11)0 

2.0  x  10"11 
(6.7  x  10"12)c 

MeNH2 

214.1 

4.3  x  10"10 
(2.2  x  10"10)c 

— 

Me2NH 

220.5 

2.8  x  10"10 

5.1  x  10"10 

Et2NH 

225.1 

6.6  x  10"10 

— 

Me3N 

224.3 

2.3  x  10"10 

2.4  x  10-10d 

aUnits 

of 

kca 

1/mol , 

Ref. 

156. 

Units  of  cm 

-1   -1   c 
molecule   s  .   Rate 

constant  corrected  (divided)  downward  by  the  number  of  N-H  bonds  in  the 
amine.  The  reported  rate  constant  is  corrected  upward  by  15%  due  to 
an  error  in  a  constant  used  in  calculating  the  rate  constants. 


156 
proton  affinities  (PA),    a  measure  of  the  gas-phase  base  strength,  of 

the  amines.   This  same  rough  correlation  was  seen  in  the  more 

limited  data  set  for  the  reactions  of  (0C)3Mn~.  This  point  suggested 

that  equilibrium  formation  of  the  Lewis  acid-base  complexes  between  the 

(OC)  M  and  NH3  and  the  amines  may  be  occurring  in  these  reactions. 

If  we  assume  that  formation  of  the  Lewis  complexes  is  a  fast 

preequilibrium  step  and  that  "insertion"  of  the  metal  center  into  the 

N-H  bond  contributes  to  k.  .  ,  in  the  overall  mechanism,  the  number  of 

hydrogens  on  the  nitrogen  must  be  normalized  in  these  comparisons. 
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These  normalized  rate  constants  for  the  reactions  of  NH3  and  the 
primary  and  secondary  amines  were  obtained  by  dividing  ktota-|  by  the 
number  of  N-H  bonds  in  the  neutral  reactant  molecule  and  are  given  in 
Table  XII.  A  plot  of  these  normalized  rate  constants  for  the 
bimolecular  reactions  of  (0C)2Fe*"  with  NH3,  CH3NH2,  (CH3)2NH,  and 
(C2H5)2NH  vs.  the  gas-phase  PA  of  the  neutral  reactant  is  shown  in 
Figure  5a.   It  is  also  seen  in  Figure  5b  that  these  normalized  rate 

constants  increase  as  the  N-H  bond  strength  in  NFL  or  the  amine 

24 
decreases. 
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Figure  5.  (a)  Correlation  of  gas  phase  proton  affinity  (PA),  with  the 
normalized  bimolecular  rate  constants  for  the  reactions  of  (0C)2Fe*~ 
with  NH3  and  the  amines  (Table  XII).  (b)  Correlation  of  the  available 
NH3  and  amine  N-H  bond  strengths  with  the  normalized  rate  constants  for 
the  reactions  of  (OC)2Fe*~  with  NH3  and  the  amines. 


Obviously,  the  above  considerations  must  be  addressed  in  any 
general  mechanism  to  describe  these  reactions.  In  addition,  the 
mechanism  must  account  for  the  ejection  of  a  CO  ligand  from  an 
intermediate  in  the  reaction  of  (OC)2Fe*~  with  NH3  while  elimination  of 
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H2  is  observed  in  the  reactions  of  (0C)2Fe'~  with  the  primary  and 
secondary  amines. 

The  proposed  mechanism  for  these  reactions  is  shown  in  Scheme  VI. 


Scheme  VI. 
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It  begins  with  either  (0C)2Fe"  or  (OCKMrf  reacting  with  NH3  or  an 
amine  to  form  the  Lewis  complex  54  in  which  the  amine  has  donated  its 
nonbonded  electron  pair  to  the  metal.  The  magnitude  of  the  equilibrium 
constant  K  should  depend  on  the  relative  binding  energy  in  the  Lewis 
complex  which  is  related  to  the  base  strength  of  NFL  and  the  amines 
(see  Figure  5a).  This  initial  coordination  must  be  facile  based  on  the 
large  rate  constants  measured  in  the  reactions  with  the  amines  and  the 
fact  that  C-H  oxidative  insertion  reactions  of  alkanes  to  yield  the 

(adduct-FL)  product  negative  ions  proceed  with  significantly  smaller 

130 
rate  constants. 

It  was  shown  that  the  reactions  of  (0C)2Fe*~  and  (OCkMn"  with  NFL 

gave  55  and  56,  respectively,  based  on  the  products  and  the  isotope 

155 
effects.     It  is  important  to  note  that  a  CO  ligand  was  lost  in  the 

bimolecular  reaction  of  (0C)2Fe*~  with  NH-,  while  all  CO  ligands  were 

retained  when  the  neutral  reactant  was  a  primary  or  secondary  amine. 

Also,  the  reactions  of  the  metal  complex  negative  ions  with  NFL  had  the 

smallest  rate  constants.  This  can  be  explained  by  the  mechanism  in 

Scheme  VI,  where  54  can  only  undergo  a  cr-hydrogen  migration  when 

12  3 
NR  R  R  =  NfL  and  M  =  Fe,  which  in  turn  causes  loss  of  a  CO  ligand  to 

yield  55,  probably  due  to  the  multiple  bonding  of  the  amide  group.  The 

fact  that  the  reaction  of  (OCUMn"  with  NhL  formed  only  the  total 

adduct  negative  ion  with  NhL  could  be  due  to  the  weaker  binding  in  the 

Mn-amide  complex  compared  to  the  Fe-amide  complex  and/or  to  the 

increased  number  of  vibrational  states  for  collisional  stabilization  in 

the  larger  (0C)3Mn:NH3"  complex  compared  to  (0C)2Fe:NH3*~. 
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Complex  54  could  then  undergo  a  fast  /J-hydrogen  migration  from 
carbon  when  NR1R2R3  =  MeNH2,  Me2NH,  Me3N,  or  Et2NH  to  yield  complex  57. 
If  the  neutral  amine  was  Me.,N,  the  product  of  the  reaction  would  be  the 
total  adduct  negative  ion  58;  the  alternate  structure  for  this  adduct 
is  56.  Since  complex  57  already  possesses  a  positive  charge  on 
nitrogen,  a  second  ^-hydrogen  migration  is  not  feasible  when  NR  R  R  = 
Me3N.  However,  when  R1  =  H,  as  with  MeNH2,  Me2NH,  or  Et2NH,  an  a- 
hydrogen  migration  (as  H+)  from  nitrogen  to  the  metal  is  possible  to 
yield  the  complexes  59.  The  migration  of  the  proton  from  nitrogen  in 
complex  57  removes  the  positive  charge  on  the  nitrogen  and  changes  the 
amido  group  to  a  one-electron  donor  ligand.  Reductive  elimination  of 
H2  from  59  is  proposed  to  proceed  with  formation  of  60,  which  could 
alternately  exist  as  a  cyclic  three-membered  ring  structure. 

To  determine  the  sources  of  the  H2  molecule  eliminated  in  the 

reactions  of  (0C)2Fe"  and  (0C)3Mn~  with  the  primary  and  secondary 

amines  and  if  an  isotope  effect  could  be  measured,  the  reactions  of 

(0C)2Fe'~  and  (0C)3Mn~  with  (CD3)2NH  were  examined.  Both  (0C)2Fe"  and 

(0C)3Mn~  reacted  with  Me2NH  to  give  exclusively  the  (adduct-H2) 

negative  ion  (eq  60  and  61)  with  similar  reaction  efficiencies  and  rate 

(0C)2Fe"  +  Me2NH  *   (0C)2Fe(C2H5N)*'"  +  H2  (60) 

(m/z  112)  (m/z  155) 

(0C)3Mn~  +  Me2NH  ►  (0C)3Mn(C2H5N)"  +  H2  (61) 

(m/z  139)  (m/z  182) 

constants  (Tables  VI  and  VII,   respectively).    No   experimental 

difficulties  were  encountered  in  the  original  determinations  of  the 
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rate  constants  with  the  protio-amines  as  evidenced  by  the  linear  semi 
log  decay  plots  given  in  Figure  6. 
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Figure  6.  Semi -log  plot  for  the  decay  of  the  starting  ion  and 
formation  of  the  respective  product  ions,  (a)  (0C)2Fe**  (m/z  112) 
+  Me2NH  — ►  (0C)2Fe(C2H5N)*"  (m/z  155)  +  H2<  (b)  (0C)3Mn"  (m/z 
139)  +  Me2NH  — ►  (0C)3Mn(C2H5N)"  (m/z  182)  +  \L. 


There  are  three  possibilities,  61,  62,  or  63,  for  the  structure  of 
the  m/z  155  and  182  negative  ions.  Initial  C-H  or  N-H  bond  oxidative 
insertion  followed  by  0-hydrogen  migration  and  reductive  elimination  of 


(OC)xM(tt-H2C=NCH3) 
61 


(OC)xM-CH2NHCH2' 
62 


(OC)xM=CHNHCH, 
63 


(M  =  Fe,  x  -  2  :  M  =  Mn,  x  =  3) 
H2,  would  result  in  61.   Alternately,  C-H  insertion  followed  by  a 
C-H  or  Ca-H  migration  and  reductive  elimination  of  H2  would  yield  62 
and  63,  respectively.   The  results  of  the  reaction  of  (0C)3Mn~  with 
(CD3)2NH  are  presented  in  eq  62.  The  major  primary  product  was  the 
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(OC)3Mn~  +  (CD3)2NH  ^-  (0C)3Mn(D2ONCD3)~  +  HD  (62a) 

(m/z  139)  (m/z  187) 

^-  (OC)3Mn(C2D4NH)"  +  D2  (62b) 

(m/z  186) 

(adduct-HD)  at  m/z  187,  demonstrating  that  the  source  of  H2  in  reaction 
61  was  vicinal  dehydrogenation.  The  isotope  effect  measured  for  the 
reactions  of  the  protio-  and  deutero-amines  under  the  same  experimental 
conditions  on  the  same  day  was  determined  to  be  k„/kD  ■  1»0.  The 
absence  of  an  isotope  effect  in  this  reaction  was  consistent  with  the 
mechanism  in  Scheme  VI  with  the  a-hydrogen  migration  converting  57  to 
59  as  the  likely  slow,  rate  limiting  step.  This  implies  that  the  /}- 

hydrogen  migrations  were  fast  in  agreement  with  the   previously 
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determined  vicinal  dehydrogenations  of  alkanes  with  (OC)Jln  .    The 

4%  reaction  channel  in  eq  62b  to  yield  the  ion  at  m/z  186  could  be 
rationalized  by  a  minor  amount  of  H/D  scrambling  via  structure  59  in 
Scheme  VI.  This  could  occur  by  a  reversal  of  a  ^-hydrogen  migration  as 
shown  in  eq  63  followed  by  reductive  elimination  of  D2  from  64  or  65. 

The  results  of  the  reaction  of  (0C)2Fe'~  with  (CD3)2NH  shown  in  eq 
64  are  similar  to  those  in  reaction  62  and  yield  the  (adduct-HD) 
negative  ion  at  m/z  160  as  the  major  reaction  product  along  with  a 
small  amount  of  the  (adduct-D2)  product  ion  at  m/z  159.  Unfortunately, 
it  was  not  possible  to  obtain  linear  psuedo-first  order  decay  plots 
with  (CH3)2NH  or  (CD3)2NH  from  this  reaction  that  only  two  months 
previously  yielded  excellent  psuedo-first  order  kinetics  with  (CH3)2NH 
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(Figure  6a).  The  nonlinear  semi -logarithmic  decay  plots  for  these 
latter  two  reactions  are  presented  in  Figure  7.  As  can  be  seen  from 
the  semi-log  plots,  there  is  significant  curvature  in  the  decay  of 
(0C)2Fe*~  starting  at  =50  %  reaction.  It  was  originally  thought  that 
this  was  the  result  of  Penning  ionization  of  (CH3)2NH  by  He(2  S) 
metastable  atoms  which  could  eject  an  energetic  electron  to  effect  DEA 
with  Fe(C0)5  to  yield  (0C)2Fe*"  in  the  downstream  part  of  the  flow 
tube.  However,  all  attempts  to  prevent  this  process  failed,  including 
adding  from  1  to  5%  argon,  xenon,  and  CH.  to  the  helium  flow  since 
these  molecules  are  known  to  have  better  vibrational  quenching 
efficiencies  than  helium.  Other  experimental  variations  included 
generation  of  (0C)2Fe"  at  lower  emission  currents,  varying  the 
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Figure  7.  Semi -logarithmic  plots  for  the  reaction  of  (0C)2Fe" 
with  (CH3)2NH  (a,c)  and  (CD3)2NH  (b,d)  showing  curvature  in  the 
psuedo-first  order  decay  of  (0C)2Fe*~  (m/z  112). 


percentage  of  helium  added  through  the  electron  gun  side-arm,  and  using 
(CH3)2NH  from  a  new  cylinder  also  failed  to  produce  linear  pseudo- 
first-order  decay  plots.  The  specific  source  of  this  problem  is 
unknown. 

The  possibility  of  having  two  (0C)2Fe*~  electronic  states  present 
in  the  flow  in  these  latter  experiments  due  to  the  poor  electronic 
quenching  efficiencies  of  the  added  buffer  gases  was  considered.  If 
the  two  electronic  states  reacted  with  the  (CH3)2NH  and  (CD3)2NH  with 
different  rate  constants,  the  result  would  be  curvature  in  the  pseudo- 
first-order  decay  plots  as  observed  in  Figure  7.  Analysis  of  these 
curves  on  this  basis  yielded  lines  1  and  2  in  the  separate  plots  (a-d) 
in  Figure  7.  Assuming  that  the  lines  1  and  2  involved  an  excited  and 
ground  electronic  states  of  (OC)2Fe*~,  respectively,  the  slopes  of 
these  lines  were  converted  to  the  separate  bimolecular  rate  constants 
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for  their  reactions  with  (CH3)2NH  and  (CD3)2NH.  These  rate  constants 
are  listed  in  Table  XIII.  From  this  analysis  it  was  concluded  that 

Table  XIII.  Calculated  Rate  Constants  from  the  Individual  Slopes  from 
the  Reactions  of  (0C)2Fe*~  with  (CH3)2NH  and  (CD3)2NH  in  Figure  7. 

(CH3)2NH 

Plot Line  1 Line  2 

a  1.1  x  10"9  4.0  x  10"10 

c  7.8  x  10"10         2.3  x  1010 

Average   (9.4  ±  1.6)  x  10"10    (3.1  ±  0.9)  x  10"10 

(CD3)2NH 

Plot Line  1 Line  2 

b  8.8  x  10"10  2.7  x  10"10 

d  9.9  x  10"10         3.3  x  10"10 

Average   (9.4  ±  0.6)  x  10"10    (3.0  ±  0.3)  x  10"10 

there  was  no  kinetic  isotope  effect  in  these  reactions  and  that  the  13% 
formation  of  the  (adduct-HD)  product  ion  at  m/z  159  in  reaction  64b  was 
the  result  of  H/D  scrambling  analogous  to  that  previously  mentioned  for 
the  (OC)3Mn"  reaction  with  (CD3)2NH  (eq  63). 

Are  there  two  electronic  states  of  (0C)2Fe"  present  in  these 
reactions  with  (CH3)2NH  and  (CD3)2NH?  This  is  a  possibility.  However, 
why  is  it  that  this  is  seen  only  with  these  two  neutral  reactants 
compared  to  the  >  30  other  reactants  previously  examined  with  this 
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metal  complex  negative  ion?  And  the  previous  reactions  of  (0C)2Fe" 
with  (CH3)2NH  had  given  linear  pseudo-first-order  decay  plots. 

It  is  believed  that  a  more  reasonable  explanation  of  the 
curvatures  of  the  decay  plots  in  Figure  7  is  due  to  the  presence  of 
some  contaminating  species  introduced  along  with  (CHOpNH  and  (CD^NH 
gas  flows,  since  they  are  the  only  variables  in  the  experiment.  Slower 
reactions  with  the  two  secondary  amines  were  observed.  However,  the 
contaminant  cannot  be  present  in  the  gas-bulb  containing  the  diluted 
(with  He)  amine,  since  as  the  concentration  of  the  amine  was  increased, 
the  concentration  of  the  added  contaminant  would  also  increase  leading 
to  a  continued  decay  of  the  (0C)2Fe*~  ion  signal  along  lines  1  of  the 
decay  plots.  This  contaminant  must,  therefore,  be  present  on  the  walls 
of  the  glass  manifold  used  for  introducing  the  amine-helium  mixture 
into  the  flow  tube  or  absorbed  in  rubber  0-rings  of  on-off  valves  in 
the  manifold.  In  this  way,  the  contaminant  can  be  introduced  in  a 
constant  concentration  while  the  amine  concentration  is  varied.  Since 
no  additional  product  was  observed  from  (0C)2Fe*~  reacting  with  the 
contaminant,  this  product  ion  must  be  unstable  toward  autodetachment  of 
the  electron  or  have  the  same  mass  as  that  of  a  product  or  starting  ion 
in  the  flow. 


I.D.l.b.  With  F2C=CH2. 

The  fast  reactions  of  (0C)3Mn~  with  several  fluorinated  ethylenes 

(»  5  x  10   cm  molecule"  s"  )  were  determined  by  McDonald  and  Jones, 
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with  the  results  given  in  eq  47-49.    The  remarkable  product  ions 

(0C)3Mn"  +  C2F4  — »  Mn(C2F4)"  +  3C0  (47) 
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(OC)3Mn"  +  HFC=CF2  — ►  Mn(C2HF3)"  +  3C0  (48) 

(OC)3Mn"  +  HFC=CHF  — ►  Mn(C2H2F2)"  +  3C0  (49) 

corresponding  to  (adduct-3C0)~  were  indicative  of  highly  exothermic 
reactions  which  required  generation  of  strong  new  bonds.  Structure 
characterization  of  these  product  ions  was  obtained  from  their  ligand 
substitution  reactions  with  SCL.  In  each  case,  the  product  negative 
ion  was  F2Mn(S02)~  formed  by  substitution  of  S02  for  the  corresponding 
acetylene  (C2F2,  C2Hp,  and  C2H2,  respectively).  These  results  led  to 
the  general  structural  assignment  of  53  for  the  product  ions  in  eqs  47- 
49.  However,  the  nature  of  and  the  steps  and  intermediates  involved 
effecting  the  ejection  of  the  three  CO  ligands  remained  unknown. 


c 

F,Mn 


53  (X  and  Y  =  F  or  H) 

The  summary  of  product  and  kinetic  data  for  the  reactions  of 
(0C)2Fe*_  and  (OCUMn"  with  fluorine  containing  molecules  are  presented 
in  Table  XIV.  Ion/molecule  ligand  substitution  reactions  of  these 
product  ions  to  elucidate  their  structures  are  presented  in  Table  XV, 
for  the  products  from  (0C)2Fe",  and  Table  XVI,  for  the  products  from 
(OCUMn".  In  an  attempt  to  gain  further  information  about  the 
mechanism  of  the  reactions  in  eq  47-49,  the  reaction  of  (0C)3  4Mn"  with 
F2C=CH2  was  investigated  (eq  65  and  66a-c).  The  reaction  of  F2C=CH2 
with  (OCJ.Mn"  (Table  X),  which  was  also  present  in  the  flow,  gave  only 
the  total  adduct  negative  ion  (eq  65).  Formation  of  the  (adduct-3C0) 
at  m/z  119  in  the  reaction  of  (0C)3Mn~  with  F2C=CH2  (eq  66a)  was 
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(OC)4Mn"  +  F2C=CH2  -^-^     (OC)4Mn(C2H2F2)"  (65) 

(m/z  167)  (m/z  231) 

(OC)3Mn"  +  F2C=CH2  -^+  Mn(C2H2F2)"  +  3C0  (66a) 

(m/z  139)  (m/z  119) 

(OC)Mn(C2H2F2)~  +  2C0  (66b) 

(m/z  147) 


0.35 


0.05 


(OC)3Mn(C2HF)"  +  HF  (66c] 

(m/z  183) 
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analogous  to  the  results  of  McDonald  and  Jones  (eqs  47-49). 

Observation  the  minor  product  forming  channels  66b  and  66c  yielding  the 

(adduct-2C0)~  and  (adduct-HF)"  negative  ions,  respectively,   were 

obviously  the  result  of  the  structural  change  (from  vicinal  (eq  47-49) 

to  geminal  (65  and  66)  in  the  difluoroolefin  used. 

To  determine  the  structures  of  the  adduct  formed  from  reaction 
with  (OC).Mn"  and  at  least  the  two  major  product  ions  formed  from 
reaction  with  (0C)3Mn~,  their  mixture  was  allowed  to  react  with  S02 
(eqs,  67-69).  The  adduct  at  m/z  231  gave  the  (adduct-C0-C2H2F2)~  ion 
at  m/z  203  (eq  67),  which  is  consistent  with  a  K-bound  olefin  structure 
in  the  m/z  231  negative  ion.  The  reaction  of  the  ion  at  m/z  119  with 

(0C)4Mn(C2H2F2)"  +  S02  >   (0C)3Mn(S02)"  +  CO  +  C2H2F2     (67) 

(m/z  231)  (m/z  203) 

Mn(C2H2F2)"  +  S02  ►  F2Mn(S02)"  +  C2H2  (68) 

(m/z  119)  (m/z  157) 
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(OC)Mn(C2H2F2)"  +  S02  >  Mn(C2HF)(S02)"  +  CO  +  HF         (69) 

(m/z  147)  (m/z  163) 

S02  gave  the  (adduct-C2H2)"  negative  ion  at  m/z  157  (eq  68).  This  was 
the  same  type  of  substitution  product  found  by  McDonald  and  Jones,  and 
indicated  very  strong  Mn-F  bonds  effecting  the  loss  of  three  CO  ligands 
in  the  initial  reaction  (eq  66a).  However,  the  reaction  of  the  m/z  147 
ion  with  S02  gave  the  (adduct-HF-CO)"  negative  ion  at  m/z  163  (eq  69), 
a  substitution  product  which  had  not  been  observed  by  McDonald  and 
Jones  in  the  reaction  of  (0C)3Mn"  with  HFC-CHF.146 

The  two  minor  product  negative  ions  in  eqs  66b  and  66c,  (0C)3Mn(7r- 
HC-CF)'  at  m/z  183  and  (0C)Mn(7r-HC=CF)(H)(F)"  at  m/z  147,  must  have 
been  formed  by  stepwise  insertions  into  vicinal  C-H  and  C-F  bonds  since 
the  former  ion  eliminated  HF  in  its  formation  while  the  latter  ion 
ejects  (HF+CO)  in  its  reaction  with  S02.  However,  the  sequence  of 
these  oxidative  insertion  and  migration  steps  must  be  reversed  in  these 
two  product  forming  channels  to  form  such  structurally  different  ions. 
The  formation  of  the  major  product  ion  at  m/z  119  (eq  66a),  F2Mn"=C=CH2 
or  its  isomer  F2Mn~(7r-HCsCH),  must  occur  by  two  oxidative  insertions 
into  the  geminal  C-F  bonds  of  F2C=CH2  and  be  exothermic  enough  to 
extrude  all  three  CO  ligands  from  the  intermediate  complex. 

Based  on  these  considerations,  the  mechanism  shown  in  Scheme  VII 
is  proposed.  The  common  w-complex  intermediate  66  is  suggested  as  the 
initial  step  in  the  mechanism  based  on  the  results  in  the  reactions  of 
CF3CF3,  F2C=CF2,  F2C=CHF,  and  FHC-CHF  with  (0C)3Mn".146  Rate  data  from 
these  reactions  showed  that  the  reaction  of  (OCKMn"  with  CF3CF3  to 
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68 

a-F  I  migration 


(x  =  1  or  2)    F2Mn"=C=CH2  or  F2Mn~(?r-HC=CH)  +  (3-x)C0 


(y  =  1  or  0) 


(m/z  119) 


yield  the  (adduct-2CO-COF2)"  (eq  46)  ions  at  m/z  157  was  slower  than 
the  reactions  with  fluorinated  olefins  to  yield  the  (adduct-3C0)~ 
negative  ions  by  more  than  two-orders  of  magnitude.  Since  the  ions  at 
m/z  183  in  the  present  study  retain  all  three  CO  ligands  while  the  ions 
at  m/z  147  and  119  have  lost  two  and  three  CO  ligands,  respectively,  a 
partition  between  C-H  insertion  to  yield  67  and  C-F  insertion  to  yield 
68  is  suggested  as  the  next  steps  in  the  mechanism. 
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Reactions  of  alkanes  with  (0C)3Mn"  yield  the  (adduct-H2)~  negative 

ion  with  retention  of  all  CO  ligands  by  a  mechanism  involving  C-H 

130 
oxidative  insertion,  0-H  migration  and  reductive  elimination  of  H2« 

The  reactions  of  (0C)3Mn"  with  alkenes  (H2OCH2>  H2C=CH2CH3)  yield  the 
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total  adduct  negative  ion  where  the  alkene  is  ir-bound  (kH/kQ  =  1.0). 

To  account  for  formation  of  the  m/z  183  ions  in  Scheme  VII,  it  is 

suggested  that  C-H  insertion  of  the  fluoroalkene  occurs  from  66.  This 

could  be  due  to  the  increased  stabilization  of  the  negative  charge  by 

the  two  electronegative  ^-fluorine  substituents  to  yield  a  more  stable 

complex  67  than  would  result  from  C-H  insertion  into  H2C=CH2.  The 

vinyl  intermediate  67  can  undergo  a  0-F  migration  to  yield  the  18- 

electron  intermediate  69,  which  reductively  eliminates  HF  to  yield  the 

small  amount  of  ions  at  m/z  183.  The  large  dissociation  energy  of  HF 

(D*  =  135.9  ±  0.3  kcal  mol"1)158  must  exceed  the  Mn-F  and  Mn-H  bond 

energies  which  accounts  for  fragmentation  of  69  to  expel  HF  rather  than 

CO  or  HCsCF. 

Conversely,  C-F  insertion  from  66  to  yield  68  is  believed  to  occur 

with  loss  of  at  least  one,  and  possibly  two,  CO  ligands  due  to  the 

strong  Mn-F  and  Mn-CF=CH2bonds  that  are  formed  which  must  exceed  118.7 

kcals  mol"1  (D°  H2C=CF— F).159  The  only  information  on  the  Mn-X  bond 

strengths  is  for  Mn-Cl  (D*  *  85  kcals/mol)  and  Mn-Br  (D*  ■  74 

kcals/mol)  in  (0C)5MnX.88   This  trend  suggests  that  the  single  Mn-F 

bond  exceeds  95  kcals  mol  .  In  intermediate  68,  the  electron  count 

about  Mn  is  14  if  x  =  1  or  12  if  x  =  2  counting  fluorine  as  a  one 

electron  donor.  Either  of  these  electron  counts  for  structure  68  can 

easily  accomodate  fluorine  as  a  3-electron  donor  ligand.  This  Mn=F 


-96- 

multiple  bond  leads  to  a  stronger  bond  supplying  additional  energy  to 
cause  fragmentation  of  one  or  two  CO  ligands. 

The  (p-d)*  donation  of  a  halogen  to  a  metal  complex  is  not  without 
precedent.  Halide  backbonding  was  established  in  silicon  complexes  by 
photoelectron  spectroscopy  and  was  suggested  to  explain  the 
relatively  short  V-Cl  bond  lengths  in  Cl3V(PMePh2)2.161  In  addition, 
(0C)2NiX*~  (X  »  CI,  Br)  was  a  product  of  the  halogen-atom  transfer 

1  on  i go 
between  (OCKNi*-  and  haloalkanes.   '     However,  these  formally  16- 

electron  product  complexes  fail  to  react  with  excess  haloalkane  even 

though  the  truly  16-electron  complex  negative  ions  (0C)3Co   and 

(OC)-Mn"  react  with  the  haloalkanes  at  nearly  the  collision  limit. 

Also,  very  similar  reactivity  was  found  for  halogen-atom  transfers  to 

(0C)3MnBr"  and  (OC).MnBr'.  These  results  suggested  that  the  halogen 

ligands  in  (0C)2NiX*~  and  (OCUMnBr"  were  functioning  as  a  three- 
1  cp 

electron  donors. 

Intermediate  68  is  next  believed  to  partition  between  /J-H 
migration  to  yield  the  product  at  m/z  147  and  a-F  migration  to  yield 
the  product  at  m/z  119.  If  68  possess  two  CO  ligands  (16-electron 
complex),  0-H  migration  must  be  exothermic  enough  to  expel  a  CO  ligand 
to  give  m/z  147.  Alternately,  if  68  posesses  one  CO  ligand  (14- 
electron  complex),  the  /9-H  migration  is  not  exothermic  enough  to  expel 
the  last  CO.  Available  data  to  address  this  question  is  found  in  the 
stepwise  reaction  of  (0C)3Mn~  (14-electron  complex)  with  acetylene  to 

sequentially  produce  (0C)2Mn(C2H2)",  (OC)Mn(C2H2)2",  and  Mn(C2H2)3", 
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where  each  coordinated  acetylene  causes  expulsion  of  one  CO. 

However,  (0C).Mn~  (16-electron  complex)  reacts  with  acetylene  to  give 
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only  the  total  adduct  negative  ion.     The  interpretation  is  that 

either  the  bound  acetylene  in  the  reaction  with  (OCkMn"  is  functioning 

as  a  4-electron  donor  (not  possible  in  (OC).Mn")  to  cause  loss  of  CO  or 

the  Mn-CO  bond  strength  in  (0C)3Mn"  is  less  than  in  (0C)4Mn~.  McDonald 

and  Jones  found  that  reaction  of  S02  with   the   product   ions 

F2Mn(FOCF)",  F2Mn(HOCF)"  and  F2Mn(HCsCH)  give  6%  loss  of  FC=CF,  73% 

146 
loss  of  HCsCF,  and  100%  loss  of  HCsCH,  respectively.     This  suggested 

that  the  relative  bond  strength  of  the  acetylene  ligand  increased  with 

increasing  fluorine  substitution  and  that  formation  of  the  FOCH  bond 

to  manganese  could  help  to  eject  a  CO  ligand.  Whether  68  possess  one 

or  two  CO  ligands  is  subject  to  debate  and  at  this  time  is  unknown. 

However,   it   is  clear  that  the  initial  C-F  insertion  to  form 

intermediate  68  does  not  cause  expulsion  of  all  three  CO  ligands  due  to 

the  observation  of  the  ions  at  m/z  147. 

The  branching  fractions  from  partitioning  of  68  between  a-F  and  0- 
H  migration  indicate  that  a-F  migration  is  favored  by  a  factor  of  1.7. 
Formation  of  the  second  Mn-F  bond  and  converting  a  a-vinyl  ligand  to  a 
vinyl idene  or  a  K-bound  acetylene  ligand  in  m/z  119  could  facilitate 
loss  of  the  remaining  CO  ligands  (1  or  2)  bound  to  manganese  in  68. 
Since  m/z  119  reacts  with  S02  to  give  the  (adduct-C2H2)"  negative  ion 
at  m/z  157  (eq  68),  it  seems  reasonable  to  assume  that  the  ligand 
expelled  is  HCsCH  and  not  C=CH2.  Whether  the  rearrangement  of  the 
vinyl idene  to  acetylene  occurs  in  the  a-F  migration  step  or  is  promoted 
in  the  reaction  with  S02  is  unknown. 

Considering  the  overall  mechanism,  the  question  arises  as  to  why 
the  0-F  migration  of  67  to  form  69  causes  loss  of  HF  rather  than  a  CO 
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ligand  when  C-F  insertion  to  form  68  and  0-H  elimination  of  68  to  form 
the  ions  at  m/z  147  are  proposed  to  cause  loss  of  two  CO  ligands.  The 
explanation  involves  the  different  hapticities  of  the  Mn-F  bonds  in 
these  intermediates.  In  68,  the  electron  count  about  manganese  is 
either  12-  or  14-electrons  depending  on  the  number  of  CO  ligands 
present.  However,  the  electron  count  about  manganese  in  69  is  18- 
electrons;  thus,  fluorine  can  only  be  a  1-electron  donor  in  69. 
Therefore,  the  formation  of  the  stronger  Mn-F  bond  in  68,  where 
fluorine  is  multiply  bound  to  manganese  causes  loss  of  CO,  while 
formation  of  the  Mn-F  bond  in  69,  where  fluorine  is  singly  bound 
results  in  retention  of  CO  and  fragmentation  of  the  strongly  bound  HF 
molecule. 

I.D.l.c.  With  o-Difluorobenzene. 

The  results  of  the  reactions  of  (0C)2Fe*~  and  (0C)3Mn"  with  o- 
CgH.F2  are  presented  in  equation  70  and  71,  respectively,  and  are 
listed  in  Table  XIV.  (0C)3Fe*~  (Table  VIII)  and  (0C)4Mn"  (Table  X) 
reacted  with  o-CgH.F2  to  yield  the  total  adduct  negative  ion  while 
(0C)4Fe'~  and  (0C)5Mn"  did  not  react  with  o-CgH4F2  (Table  IX  and  XI, 

(0C)2Fe*-  +  o-C6H4F2  ^^^   (0C)2Fe(C6H4F2)*"  (70a) 

(m/z  112)  (m/z  226) 

-^-  (0C)Fe(C6H4F2f  +  CO         (70b) 
(m/z  198) 

°'75>  Fe(C6H4F2)"  +  2C0  (70c) 

(m/z  170) 
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(OC)3Mn"  +  o-C6H4F2  -2^*  (OC)3Mn(CgH4F2)~  (71a) 

(m/z  253) 
0.08 


♦  (0C)2Mn(C6H4F2)  +  CO         (71b) 
(m/z  225) 

■S^*  (0C)Mn(C6H4F2)"  +  2C0  (71c) 

(m/z  197) 
0.71 


»  Mn(CgH4F2)  +  3C0  (71d) 

(m/z  169) 

respectively).  Similar  to  the  reactions  of  (0C)3Mn"  with  fluorinated 
ethylenes,  both  (0C)2Fe"  and  (0C)3Mn"  yielded  the  (adduct-3C0) 
negative  ion  as  the  major  reaction  channel  with  large  rate  constants 
(*6  x  10"10  cm3  molecule"1  s"1). 

With  both  (0C)2Fe*"  and  (0C)3Mn",  the  reactions  with  o-CgH4F2 
produced  the  (adduct-2C0)  and  (adduct-3C0)  negative  ions,  respectively, 
as  the  major  products.  Minor  reaction  channels  were  also  present  in 
which  the  CO  ligands  are  lost  in  a  stepwise  manner  from  the  total 
adduct  negative  ion.  These  reaction  products  are  contrasted  with  the 

reaction  of  (0C)2Fe"  and  (0C)3Mn~  with  benzene  in  which  the  only 
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products  were  the  total  adduct  negative  ions.    However,  the  rate 

constants  determined  in  the  reactions  of  (0C)2Fe"  and  (0C)3Mn~  with 

benzene  (5.6  x  10   cm  molecule"  s"  and  5.4  x  10"   cm  molecule" 

s"  ,  respectively)  were  similar  to  those  with  o-CgH4F2.   In  addition, 

the  total  adduct  negative  ion,  (0C)3Mn(CgHg)~,  failed  to  react  with 

either  H2S  or  HSi(CH3)3.  This  suggested  that  benzene  was  functioning 
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as  a  4-electron  donor,  similar  to  a  1,3 -butadiene  ligand,  which  would 
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result  in  an  18-electron  complex.     (0C)3Mn(CgHg)   did,  however, 

react  with  S02  to  yield  (0C)3MnS02~  and  CgHg. 

To  characterize  the  major  products  fromed  in  the  reaction  of 

(0C)3Mn"  with  o-CgH^,  their  reactions  with  S02  were  investigated  (eq 

72-73)  (Table  XVI).  The  products  of  the  reaction  of  (0C)2Fe"  with  o- 

CgH.F2  were  not  reacted  with  S02  due  to  the  multitude  of  impurity  ions 

(0C)3Mn(C6H4F2)"  +  S02  ►  (0C)3Mn(S02)"  +  CgH4F2  (72) 

(m/z  253)  (m/z  203) 

Mn(CgH4F2)"  +  S02  ►  (F2)Mn(S02)  +  CgH4  (73) 

(m/z  169)  (m/z  157) 

that  were  present  in  that  reaction.  Similar  to  the  reaction  of 
(0C)3Mn(CgHg)"  with  S02,  the  ions  at  m/z  253  reacted  with  S02  to  yield 
the  (adduct-CgH4F2)  negative  ions  at  m/z  203  (eq  72).  This  result  is 
consistent  with  a  w-bound  adduct  structure  for  m/z  253.  Mn(CgH4F2)~  at 
m/z  169  reacted  with  S02  to  yield  the  ions  at  m/z  157  with  loss  of  CgH4 
(eq  73)  and  suggests  that  both  fluorine  atoms  are  strongly  a-bound  to 
the  metal  in  the  m/z  169  ions.  The  formation  of  the  ions  at  m/z  157  in 
eq  73  coupled  with  the  reaction  products  in  eq  71  showing  multiple  loss 
of  CO  ligands  led  to  the  conclusion  that  C-F  oxidative  insertion  must 
be  part  of  the  mechanism  to  form  the  respective  reaction  products.  The 
similarity  of  rate  constants  for  the  reactions  of  benzene  and  o- 
difluorobenzene  with  the  coordinatively  unsaturated  metal  complexes 
suggest  that  both  reactions  proceed  via  w-complex  intermediates. 


-101- 

For  these  reasons,  a  general  mechanism  is  proposed  for  the 
reaction  of  (0C)2Fe"  and  (0C)3Mn"  with  o-CgH4F2  in  Scheme  VIII, 
which  begins  with  initial  w-complexation  of  o-CgH^  with  the  metal 
Scheme  VIII. 
(0C)xM-  +  o-C6H4F2 


[(OC)xM(*-o-C6H4F2)]-  -*•  (0C)xM(x-o-C6H4F2)' 
70  71 


■CO 


C-F  insertion 


[(0C)x.1M(r?1-C6H4F)]"  -^  (OC^^M^-C^F) 
72  73 


C-F 


■CO 


insertion 


-CO 


(F)2Fe(^-C6H4) 
"  74 


[(OC)(F2)Mn(772-C6H4)]-  ■*•  (0C)Mn(F)2(r?2-C6H4) 


75 

-CO 


76 


(F)2Mn(^-C6H4) 

77 

M  =  Fe,  x  =  2  :  M  =  Mn,  x  =  3 
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complex  ((0C)2Fe'"  or  (0C)3Mn")  to  form  the  vibrational"^  excited  70. 
Intermediate  70  can  either  be  cooled  to  its  ground  state  by  collisions 
with  the  helium  buffer  gas  to  yield  71,  the  total  adduct  negative  ion, 
or  undergo  a  fast  intramolecular  C-F  oxidative  insertion  to  yield  72, 
which  is  exothermic  enough  to  expel  at  least  one  CO  ligand. 
Intermediate  72,  like  70,  can  then  either  be  cooled  to  its  vibrational 
ground  state  through  collisions  with  the  helium  buffer  gas  to  yield  73, 
or  can  undergo  a  second  C-F  oxidative  insertion  to  yield  74,  when  M  = 
Fe,  or  75,  when  M  =  Mn.  This  second  C-F  insertion  is  believed  to  cause 
loss  of  a  CO  ligand  from  cc  to  form  either  74  or  75.  Intermediate  75, 
is  now  partitioned  between  collisional  stabilization  to  yield  76,  or 
loss  of  a  CO  ligand  to  yield  77.  The  fact  that  sequential  loss  of  CO 
ligands  are  observed  as  reaction  products,  suggests  that  loss  of  the  CO 
ligands  is  stepwise  and  is  due  to  competitive  collisional  stabilization 
with  the  helium  buffer  gas. 

I.D.l.d.  With  CH30CH3. 

The  results  of  the  reactions  of  (0C)2Fe"  and  (0C)3Mn"  with 
CH30CH3  are  given  in  equations  74  and  75,  respectively,  and  are  listed 
in  Table  XVII.  In  equation  74,  (0C)2Fe'~  reacted  with  CH30CH3  to  yield 

(0C)2Fe"  +  CH30CH3  %&•   (0C)2Fe(C2H40)*"  +  H2  (74a) 

m/z  112  m/z  156 

^-  (0C)2Fe(CH30CH3)"  (74b) 

m/z  158 
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(OC)3Mn"  +  CH3OCH3  ^-+  (0C)3Mn(CH30CH3)"  (75a) 

m/z  139  m/z  185 

^-  (OC)3Mn(C2H40)"  +  H2  (75b) 

m/z  183 


the  (adduct-H2)  negative  ion  at  m/z  156  as  the  major  reaction  channel 
(62%)  (eq  74a)  along  with  formation  of  the  total  adduct  negative  ion 
(38%)  (eq  74b)  at  m/z  158.  The  experimentally  determined  rate  constant 
(ktota-|  =  (7.3  ±  0.7)  x  10  cm  molecule"  s  )  for  this  reaction  was 
somewhat  faster  (by  a  factor  of  5)  than  that  previously  reported  for 

the  reaction  of  (0C)2Fe*~  with  ChLCFL  to  yield  the  (adduct-FL)  negative 

130 
ion.  *   This  suggested  that  either  the  oxygen  atom  in  CH30CH,  helped 

to  stablize  the  negative  charge  in  the  complex,  thus  increasing  the 

reaction  rate  or  that  the  adduct  may  be  due  to  the  formation  of  a  Lewis 

acid-base  complex. 

(0C)3Mn~  reacted  with  CH30CH3  (eq  75)  to  yield  a  mixture  of  the 

total  adduct  negative  ion  at  m/z  185  (64%)  (eq  75a)  and  the  (adduct-H2) 

negative  ion  at  m/z  183  (36%)  (eq  75b)  with  k*0*.-|  =  (1.6  ±  0.3)  x 

10   cm  molecule"  s"  .  This  rate  constant  is  in  good  agreement  with 

the  previously  measured  rate  constant  ((8.0  ±  0.1)  x  10"12  cm3 

molecule"  s"1)130  in  the  reaction  of  (0C)3Mn~  with  CH3CH3  to  yield  the 

(adduct-H2)  negative  ion.  The  fact  that  (0C)3Mn"  reacted  with  CH30CH3 

to  yield  more  adduct  than  did  (0C)2Fe"  suggested  that  the  additional 

CO  ligand  in  (0C)3Mn"  resulted  in   more   efficient   coll isional 

stabilization  by  the  helium  buffer  gas.   The  less  coordinatively 
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unsaturated  ions  (0C)3  4Fe*~  (Table  VIII  and  IX)  and  (0C)45Mn"  (Table 
X  and  XI)  did  not  react  with  CH30CH3. 

Since  both  reactions  74  and  75  yielded  the  (adduct-H2)  negative 
ion,  the  question  arose  as  to  the  source  of  the  expelled  H2  molecule. 
Was  the  source  H-  reductive  elimination  of  originally  geminal  hydrogen 
atoms  (eq  76)  or  from  a  reductive  elimination  of  H2  involving  one 
hydrogen  atom  from  each  of  the  terminal  carbons  (eq  77)?   Both  eq  76 

!      .       I    . 

(0C)xM"  +  CH30CH3  —  (0C)xht-CH20CH3  —  (0C)M=CH0CH3 

H 
M  =  Fe,  x  =  2 


n 

I 


M  =  Mn,  x  =  3  (0C)xM=CH0CH3"  +  H2     (76) 

78 


(0C)xM~  +  CH30CH3  —  (OC)xM-CH2OCH3"  —  (0C)M~  0 

M  =  Fe,  x  =  2 

M  =  Mn,  x  =  3  (0C)M~  '0  4  H? 


(OC) 

H  CH, 

IA2 

VM   0 

xl\/ 

H  CH2 

! 

(OC) 
79 

CH2 

A  f   +  H2 

CH2 

and  77  proceed  by  initial  C-H  oxidative  insertion.  The  difference 
between  the  two  equations  is  in  which  hydrogen  atom  migrates  to  the 
metal  center  in  the  second  step.  In  eq  76,  migration  of  the  hydrogen 
on  the  a-carbon  results  in  an  intermediate  which  can  then  reductively 
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eliminate  H2  to  form  the  carbene  complex  78.  In  eq  77,  migration  of 
the  hydrogen  on  the  7-carbon  results  in  an  intermediate  that 
reductively  eliminates  FL  to  form  the  l-metallo-3-oxocyclobutane  79. 

In  an  attempt  to  answer  the  question  of  a-  or  -y-H  migration,  the 
(adduct-H2)  negative  ions  (eq  74a  and  75b)  were  allowed  to  react  with 
D2  (eq  78a-c  and  79)  (Table  XV  and  XVI,  respectively).   The  reaction 

(OC)2Fe(C2H40)*"  +  D2  ^^-  (0C)2Fe(C2H40)(D)2'"  (78a) 

m/z  156  m/z  160 

^-  (OC)2Fe(C2H3DO)"  +  HD  (78b) 

m/z  157 
(OC)2Fe(C2H3DO)*~  +  D£  ►  (OC)2Fe(C2H3DO)(D)2*~  (78c) 

m/z  157  m/z  161 

(0C)3Mn(C2H40)"  +  D2  ►  no  reaction  (79) 

m/z  183 

products  for  the  reaction  of  D2  with  ((0C)2Fe(C2H.0)*~)  (m/z  156)  and 
((0C)3Mn(C2H.0)")  (m/z  183)  would  depend  on  the  structure  of  the  ion. 
If  the  sturcture  were  78,  it  would  be  expected  that  one  H/D  exchange  is 
possible.  However,  if  the  sturture  of  the  (adduct-H2)  negative  ion 
were  79,  up  to  four  H/D  exchanges  would  be  possible.  As  equation  78 
indicates,  the  products  of  reaction  were  77%  D2  addition  (eq  78a)  and 
23%  H/D  exchange  (eq  78b).  The  exchange  product  was  also  observed  to 
undergo  a  secondary  ion/molecule  reaction  with  D2  to  yield  m/z  161  (eq 
78c).  The  branching  fraction  of  eq  78b,  23%,  is  the  sum  of  the  product 
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distributions  from  eqs  78b  and  78c.  The  total  rate  constant  measured 

for  eq  78  was  ktotal  =  (1.3  ±  0.1)  x  10"11  cm3  molecule"1  s"  .  Kinetic 

simulation  of  eq  78  was  performed  in  order  to  compare  the  individual 

rate  constants  for  eqs  78a  and  78b.  The  simulation  yielded  k78a  =  1.2 

x  10"11  cm3  molecule"1  s"1  and  k?8b  *  3.2  x  10"12  cm3  molecule" 

s  .   These  values  are  in  good  agreement  with  the  experimetally 

determined  k.  t  -  and  correlate  with  the  observed  branching  fractions. 

Based  on  these  results,  the  structure  of  the  product  (adduct-H2) 

negative  ions  (eqs  74a  and  75b,  respectively)  is  suggested  to  be  78. 

In  contrast  to  the  above  results,  (0C)3Mn(C2H40)"  (m/z  183)  did 

not  react  (ktotal  <  1  x  10"13  cm3  molecule"1  s"1)  with  D2  (eq  79)  nor 

did  the  adducts  (0C)2Fe(CH30CH3)*"  (Table  XV)  or  (0C)3Mn(CH30CH3)" 

(Table  XVI).  A  possible  reason  for  the  absence  of  an  observed  reaction 

between  the  16-electron  complex  (0C)3Mn(C2H40)"  and  D2  can  be  seen  by 

the  previously  measured  rate  constant  in  the  reaction  of  the  16- 

130 

electron  complex  (OC).Mn  with  D2-  This  rate  constant  was  found  to 
be  (8.6  t  1.4)  x  10"13  cm3  molecule"  s  which  is  indicative  of  a  very 
slow  reaction.  Thus,  the  reaction  in  eq  79  as  well  as  the  reaction  of 
(0C)3Mn(CH30CH3)"  with  D2  must  be  at  least  as  slow.  The  fact  that 
(0C)2Fe(C2H40)"  did  react  with  D2  and  (0C)3Mn(C2H40)"  did  not  can  be 
explained  by  comparison  of  rate  constants  in  the  reaction  of  (0C)3Fe* 
and  (0C)4Mn"  with  H2-  The  rate  constants  previously  measured  for  these 
reactions  were  5.9  x  10"  cm  molecule"  s"  and  1.2  x  10"  cm 
molecule"  s"  ,  respectively,  where  the  iron  complex  reated  faster 
by  a  factor  of  «  5.  Apparently,  it  is  the  increased  reactivity  of  the 
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iron  complex  that  allows  it  to  react  with  D2  while  the  manganese 
complex  does  not. 

Further  structure  probing  reactions  were  performed  with  the  adduct 
and  (aduct-H2)  negative  ions  in  eqs  74  and  75.  The  reactions  of  these 
ions  with  CHLOH  were  carried  out  to  probe  the  possible  existence  of  a 
Lewis  acid-base  sturcture  in  the  adduct  reaction  products  of  eqs  74b 
and  75a.  However,  neither  the  adduct  nor  the  (adduct-hL)  ions  of  iron 
(Table  XV)  or  manganese  (Table  XVI)  reacted  with  CH30H.  This  does  not 
rule  out  the  existence  of  the  Lewis  complex  since  the  16-electron 
complex  (0C)4Mn  did  not  react  with  CH-jOH  or  CH3CH20H.  u  However,  the 

product  from  the  reaction  of  (0C),Mn~  with  NH-  was  considered  to  be  the 

-  + 
Lewis  structure  ((0C)3Mn-NH3)~.  This  ion  reacted  with  CH30H  to  yield 

the  same  products,  (0C)2Mn(H) (0CH3)"  and  (0C)3Mn-(7T-CH20) ,  as  those 

formed  in  the  reaction  of  (0C)3Mn"  with  CH.,0H,  but  with  a  rate  constant 

157 
200  times  smaller. 

The  reactions  of  the  iron  reaction  products  in  eq  74  with  S02 

(Table  XV)  were  investigated  and  the  results  are  given  in  eq  80  and  81. 

(0C)2Fe(CH30CH3)"  +  S02  ►  (OC)2Fe(S02)'~  +  CH30CH3  (80) 

m/z  158  m/z  176 

(0C)2Fe(=CH0CH3)"  +  S02  ►  (0C)Fe(=CH0CH3) (S02)*"  +  CO        (81) 

m/z  156  m/z  192 

Reaction  of  the  products  from  the  reaction  of  (0C)3Mn~  with  CH30CH3 
(eqs  75a-b)  were  not  performed  since  those  product  ions  did  not  react 
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with  D2  and  thus  complete  characterization  of  those  ions  was  not 
possible.  The  reaction  of  the  iron  complex  adduct  ions  at  m/z  158  with 
S02  (eq  80)  yielded  the  (adduct-CH3OCH3)  negative  ions  at  m/z  176. 
This  is  consistent  with  the  adduct  structure  of  a  Lewis  acid-base 
complex  or  a  product  of  C-H  oxidative  insertion.  The  fact  that  the 
(adduct-H2)  ions  at  m/z  156  reacted  with  S02  and  gave  the  (adduct-CO) 
negative  ions  at  m/z  192  was  consistent  with  the  carbene  structure  78. 

The  proposed  mechanism  (Scheme  IX)  for  formation  of  the  (adduct- 
H2)  and  the  total  adduct  negative  ions  is  based  on  the  results  of  the 
D2  (eqs  78  and  79)  and  S02  (eqs  80  and  81)  reactions  with  the  metal 
complexes.  The  mechanism  proceeds  by  formation  of  the  Lewis  acid-base 

Scheme  IX. 

/CH3  /CH3 

(0C)xM~  +  CH3OCH3  —  [(0C)xM":+0    ]"  -^  ((0C)xM~:+0    )" 

80    CH3  81    CH3 

1  H\ 

[(0C)xM-CH20CH3r  -*=*  (0C)xM-CH20CH3" 

82  83 

1 

H  H 

(0C)xM=CH0CH3"  &-  [(0C)xM=CH0CH3]"  ►  (0C)xM=CH0CH3"  +  H2 

H  H  86 

87  85 

M  =  Fe,   x  =  2;  M  =  Mn,  x  =  3 
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complex  80.   This  initial  coordination  was  suggested  from  previously 

studied  C-H  oxidative  insertion  reactions  to  yield  the  (adduct-H2) 

-12   3        -1 
negative  ions  which  gave  rate  constants  at  8.0  x  10    cm  molecule 

s"1  for  (0C)3Mn"  with  ethane  and  1.6  x  10"11  cm3  molecule"  s"  for 
(0C)?Fe*~  with  ethane.130  The  rate  constants  measured  in  the  reaction 
of  the  metal  complexes  with  CH30CH3  were  faster  by  a  factor  of  2  for 
reaction  with  (OCkMn"  and  a  factor  of  5  for  reaction  with  (0C)2Fe*\ 
Complex  80  was  partitioned  between  collisional  stabilization  of  the 
helium  buffer  gas  to  yield  81  and  C-H  oxidative  insertion  to  yield  82. 
Since  the  adduct  of  neither  metal  complex  reacted  with  methanol,  the 
existence  of  80  was  not  conclusive.  Intermediate  82  likely  partitions 
between  collisional  stabilization  with  the  helium  buffer  gas  to  yield 
83  and  a-hyrogen  migration  to  yield  85.  Intermediate  85  could  then 
reductively  eliminate  H2  to  yield  the  observed  (adduct-H2)  product  86 
or  be  collisionally  stabilized  by  the  helium  buffer  gas  to  yield  the 
adduct  87. 

The  structure  of  the  adducts  are  proposed  to  be  either  81,  83,  or 
87.  If  the  adduct  structure  were  81,  reaction  with  CH30H  could  have 

yielded  an  observable  product  since  the  proposed  16-electron  Lewis 

-  + 
complex  ((0C)3Mn-NH3)~  did  react  with  methanol.  However,  81  would  be  a 

15-electron  complex  when  M  =  Fe  and  a  16-electron  complex  when  M  =  Mn 

and  neither  the  15-electron  (0C)3Fe"  136  nor  the  16-electron  complex 

130 
(0C)4Mn  reacted  with  CH30H.  u 

If  the  adduct  structure  were  83,  reaction  of  the  15-electron  iron 

adduct  83  with  Dp  should  give  some  exchange  since  the  15-electron 
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(0C)3Fe*~  reacted  with  H2  with  a  rate  constant  of  5.9  x  10"  .  *  The 
16-electron  (OC).Mn",  however,  reacted  more  slowly  with  H2  with  a  rate 
constant  of  1.2  x  10"12  cm3  molecule"1  s"1,130  so  that  if  the  manganese 
adduct  were  83,  reaction  with  D2  might  have  been  too  slow  to  observe. 
For  the  reasons  stated  above,  adduct  structure  87  is  proposed  as  it  is 
a  17-electron  complex  when  M  *  Fe  and  an  18-electron  complex  when  M  = 
Mn,  which  would  not  react  with  either  D2  or  CH30H. 

a-Hydrogen  migration  is  proposed  from  the  reaction  of  86  when  M  = 
Fe  with  D2  (eqs  78a-c),  in  which  the  products  were  addition,  a  single 
H/D  exchange,  and  addition  of  D2  to  the  H/D  exchange  product.  This 
single  H/D  exchange  suggests  the  carbene  86.  Alternately,  the 
structure  of  86  could  be  the  hydrido-carbyne,  (0C)xM(H)(=C0CH3)"  (88) 
when  M  =  Fe  or  Mn.  However,  this  structure  is  considered  less  probable 
than  86  since  88  is  a  17-electron  complex  when  M  =  Fe  and  an  18- 
electron  complex  when  M  =  Mn.  Both  the  17-electron  iron  complex  and 
the  18-electron  manganese  complex  is  unrective  toward  oxidative 
addition  and  thus  would  not  react  with  D2<  Therefore,  the  (adduct-H2) 
negative  ion  for  both  the  iron  and  manganese  complexes  is  proposed  to 
be  87. 

In  an  attempt  to  confirm  the  proposed  structure  86  of  the  (adduct- 
H2)  negative  ions,  the  reactions  of  (0C)2Fe"  and  (0C)3Mn"  with  CD30CH3 
were  examined.  The  l,l,l-d3-dimethylether  was  purchased  from  MSD 
Isotopes.  During  the  initial  investigation  of  the  reaction  of  CD30CH3 
with  (0C)3Mn",  it  was  observed  that  an  impurity  was  present  in  the 
neutral  reactant  that  decayed  the  signal  of  the  starting  ion  and 
resulted  in  a  very  large  signal  of  I"  at  m/z  127  (approximately  three 
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times  the  signal  of  the  starting  ion)  with  no  other  product  signals 
observable. 

Further  investigation  suggested  that  the  impurity  in  the  CD30CH3 
might  be  CH3I.  Communication  with  MSD  Isotopes  revealed  that  CH3I 
could  be  the  impurity  because  the  synthesis  of  CD3OCH3  involved  the 
substitution  reaction  of  CD30"  and  CFLI. 

It  was  determined  that  CH3I  reacted  with  (0C)3Mn"  to  yield  I"  (m/z 
127)  and  a  trace  amount  of  (0C)3Mn(I)"  (m/z  266)  inletting  CH3I  vapor 
at  the  high  boiling  inlet  of  the  flow  tube.  However,  the  electron 
affinity  of  CHA  is  4.6  kcal/mole164  while  the  electron  affinity  of  I2 
is  59.5  kcal/mol.  Since  much  more  I"  was  observed  than  could  be 
explained  from  reaction  with  (0C)3Mn~,  it  was  suggested  that  the 
impurity  could  be  a  mixture  of  CH3I  and  I2.  In  this  mixture,  CH3I 
could  react  with  (0C)3Mn~  (due  to  the  low  electron  affinity  of  CH3I) 
while  I2  is  reacting  to  form  I"  from  electron  transfer  from  (0C)3Mn~ 
and  also  is  reacting  with  free  electrons  to  form  I".  The  reaction  of 
(0C)3Mn"  with  I2  (inletted  at  the  high  boiling  inlet)  gave  predominant 
formation  of  I"  (m/z  127)  and  a  trace  amount  of  I2~  (m/z  254).  Since 
the  concentration  of  the  impurity  in  the  deuterated  ether  was  thought 
to  be  small,  the  absence  of  m/z  254  and  266  in  the  reaction  with 
(0C)3Mn~  is  reasonable  for  either  an  I2  or  QLI  impurity. 

Since  the  purchased  sample  of  CD30CH3  was  of  no  use  in  its 
received  form,  MSD  Isotopes  agreed  to  further  purify  a  second  sample  of 
CD30CH3  for  our  studies.  This  second  sample  also  contained  a  small 
amount  of  the  same  impurity.  The  rates  of  the  impurity  reactions  with 
(0C)2Fe"  and  (OCKMn"  were  so  fast  compared  to  the  reaction  of 
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CD30CH3,  that  kinetic  analysis  of  the  reactions  of  CD30CH3  with  the 
metal  complexes  was  impossible.  Therefore,  the  only  information 
obtainable  were  the  low  levels  of  the  products  and  their  relative 
distributions  (eqs  82  and  83). 

(0C)3Mn"  +  CD30CH3  ^-^  (0C)3Mn(CD30CH3f  (82a) 

m/z  139  m/z  188 

^-+  (0C)3Mn(=CH0CD3)"  +  H2  (82b) 

m/z  186 

^S  (0C)3Mn(=CD0CH3)"  +  D2  (82c) 

m/z  184 

(0C)2Fe"  +  CD30CH3  M^  (0C)2Fe(=CD0CH3)"  +  D2  (83a) 

m/z  112  m/z  157 

^^  (0C)2Fe(=CH0CD3)"  +  H2  (83b) 

m/z  159 

As  can  be  seen  from  the  above  equations,  the  absence  of  formation 
of  (adduct-HD)  negative  ions  suggested  that  the  mechanism  in  eq  76  was 
operating.  The  reaction  of  (0C)3Mn~  with  CD30CH3  formed  the  total 
adduct  at  m/z  188  (76%)  (eq  82a),  compared  to  a  64%  yield  of  the  adduct 
formed  with  CH30CH3  (eq  75a).  An  increased  amount  of  adduct  formation 
with  the  deuterated  ether  was  expected  relative  to  the  protio  ether  due 
to  a  larger  density  of  states  because  of  the  C-D  bonds  in  the 
deuterated  ether  adduct  to  improve  the  efficiency  of  collisional 
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stabilization.   However,  the  isotope  effect  derived  from  the  product 
channels  82b  and  82c  is  ridiculously  large,  >  50. 

In  contrast,  the  reaction  of  (0C)2Fe"  with  CH30CH3  gave  a 
significant  amount  of  adduct  (eq  74)  while  no  adduct  was  observed  with 
CDjOChL.  The  absence  of  adduct  formation  in  the  reaction  of  CD30CH3 
with  (0C)2Fe*~  is  unexplainable.  There  should  have  been  an  increased 
proportion  of  adduct  formation  due  to  the  larger  density  of  states  with 
the  deuterated  ether,  as  was  observed  in  the  reaction  with  (0C)3Mn~. 
In  addition,  the  isotope  effect  calculated  from  the  branching  fractions 
gave  an  inverse  isotope  effect  of  0.5  for  the  reaction  of  (0C)2Fe" 
with  CD30CH3  compared  to  the  very  large,  normal  isotope  effect  for  the 
reaction  of  (0C)3Mn~  with  CD30CH3.  Neither  of  these  isotope  effect 
results  can  be  explained.  For  these  reasons,  as  well  as  the 
possibility  of  unknown  impurities  that  might  have  been  present  in  the 
neutral  sample,  it  is  believed  that  the  data  obtained  from  the  reaction 
of  the  reactive  metal  complexes  with  CD30CH3  should  be  discounted. 
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I.E.  Summary. 

Dissociative  electron  attachment  (DEA)  of  Mn2(C0)1Q  was  controlled 
to  produce  (0C)5Mn"  (m/z  195),  (0C)4Mn"  (m/z  167),  and  (0C)3Mn~  (m/z 
139),  while  DEA  of  Fe(C0)5  produced  (0C)4Fe*~  (m/z  168),  (0C)3Fe"  (m/z 
140),  and  (0C)2Fe"  (m/z  112).  Regulation  of  the  electron  guns 
emission  current  allowed  for  optimization  of  the  signal  of  the  complex 
negative  ion  of  interest. 

The  18-electron  complex  negative  ion  (OC)j-Mn"  failed  to  react  with 
any  of  the  neutral  reagents  studied.  The  17-electron  complex  negative 
ion  (OC).Fe*"  also  failed  to  react  with  any  of  the  neutral  reagents 
studied  except  for  S02  which  produced  (OC)3Fe(SO)2*"  ,  the  ligand 
substitution  product. 

The  16-electron  complex  (0C)4Mn"  reacted  with  Me2NH,  (CD3)2NH,  o- 
CgH-F2,  F2C=CH2,  and  D2  to  form  the  total  adduct  negative  ions.  The 
only  ligand  substitution  reaction  of  (0C)4Mn~  observed  was  that  with 
S02,  in  which  (0C)3Mn(S02)"  was  the  only  product.  The  15-electron 
complex  (0C)3Fe"  also  reacted  with  MeNH2,  Me2NH,  NMe3,  Et2NH, 
(CD3)2NH,  o-CgH4F2,  and  D2  to  form  the  total  adduct  negative  ions.  As 
in  the  case  with  (OCKMn",  the  only  ligand  substitution  reaction  of 
(0C)3Fe*~  was  with  S02  to  yield  a  1:1  mixture  of  (0C)3Fe(S02)"  and 
(OC)2Fe(SO)2*\ 

The  14-electron  complex  (0C)3Mn~  reacted  with  the  amines  Me2NH  and 
NMe3  to  yield  the  (adduct-H2)  and  (adduct)  negative  ions,  respectively. 
A  deuterium  labeling  study  involving  (CD3)2NH  revealed  that  the 
mechanism  involved  both  /J-H  migration  from  the  methyl  groups  and  N-H 
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oxidative  insertion.  Initial  coordination  of  the  lone  electron  pair  on 
nitrogen  was  proposed  based  on  the  correlation  of  the  experimentally 
determined  rate  constants  of  (0C)2Fe*~  with  the  amines  and  the  proton 
affinity. 

(0C)3Mn"  reacted  with  H2C=CF2  and  o-CgH^  to  yield  the  (adduct- 
3C0)  negative  ions  as  the  major  reaction  channel .  The  reaction  of 
(0C)3Mn"  with  H2C=CF2  also  gave  the  (adduct-2C0)  and  (adduct-HF) 
negative  ions  as  reaction  products,  while  the  reaction  with  o-CgH4F2 
also  yielded  the  (adduct),  (adduct-CO),  and  (adduct-2C0)  negative  ions. 
The  mechanism  for  formation  of  these  products  was  proposed  to  involve 
C-F  oxidative  insertion  which  caused  sequential  loss  of  CO  ligands. 

(0C)3Mn"  reacted  with  dimethyl  ether  to  form  the  (adduct-H2)  and 
(adduct)  negative  ions.  The  mechanism  for  formation  of  the  (adduct-H2) 
negative  ion  was  proposed  to  involve  C-H  oxidative  insertion  followed 
by  cr-H  migration  and  reductive  elimination  of  H2  to  yield  a  carbene. 
The  suggested  structure  of  the  (adduct)  was  either  to  be  the  Lewis 
complex  or  the  C-H  oxidative  insertion  complex. 

(0C)2Fe"  reacted  with  the  amines  MeNH2,  Me2NH,  and  Et2NH  to  yield 
the  (adduct-H2)  negative  ions.  The  mechanism  for  formation  of  the 
(adduct-H2)  negative  ions  was  proposed  to  involve  initial  coordination 
of  the  nitrogen  lone  electron  pair  to  form  a  Lewis  complex,  which  then 
underwent  ^-hydrogen  migration  followed  by  N-H  activation  and  reductive 
elimination  of  H2.  The  Lewis  complex  formation  was  proposed  by  the 
correlation  of  the  experimetal  rate  constants  with  the  gas-phase  proton 
affinity  of  the  amines.  N-H  bond  activation  was  proposed  from  the 
results  of  (0C)2Fe"  reacting  with  (CD3)2NH  to  yield  mainly  the 
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(adduct-HD)  negative  ion.  (0C)2Fe"  reacted  with  NMe3  to  form  the 
total  adduct  negative  ion.  The  structure  of  this  latter  ion  was 
proposed  to  be  the  Lewis  complex  derived  from  colli  si onal  stabilization 
with  the  helium  buffer  gas. 

(0C)2Fe*"  reacted  with  o-CgH4F2  to  yield  (F)2Fe(CgH4)"  as  the 
major  product;  formation  of  the  (adduct)  and  (adduct-CO)  negative  ions 
was  also  observed.  The  proposed  mechanism  involved  sequential  C-F 
oxidative  insertion  to  yield  an  intermediate  that  was  fractionated 
between  collisional  stabilization  with  the  helium  buffer  gas  and  loss 
of  a  CO  ligand. 

(0C)2Fe"  reacted  with  dimethyl  ether  to  yield  the  (adduct-H2)  and 
(adduct)  negative  ions.  Reaction  of  the  (adduct-H2)  negative  ion  with 
D2  resulted  in  a  single  H/D  exchange  which  suggested  that  the  structure 
of  the  (adduct-H2)  negative  ion  possessed  one  unique  hydrogen.  Based 
on  this  information,  the  structure  of  the  (adduct-H2)  negative  ion  was 
proposed  to  be  the  carbene  derived  from  C-H  oxidative  insertion 
followed  by  a-hydrogen  migration  and  reductive  elimination  of  H2-  The 
structure  of  the  adduct  formed  from  the  above  mentioned  reactions  was 
suggested  to  be  a  C-H  oxidative  insertion  product  or  a  Lewis  complex. 
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Abstract 

Dissociative  electron  attachmet  (DEA)  of  Mn2(C0)1Q  yields 
(0C)5Mrf,  (0C)4Mn",  and  (0C)3Mn\  while  DEA  of  Fe(C0)5  yields 
(0C)4Fe*",  (0C)3Fe",  and  (0C)2Fe*\  Neither  (0C)5Mn~  nor  (0C)4Fe" 
reacted  with  the  neutral  reagents  studied,  except  for  (OC).Fe"  which 
reacted  with  S02  to  yield  (0C)3Fe(S0)2*~. 

(OC)4Mn~  reacted  with  several  of  the  neutral  reagents  studied; 
Me2NH,  (CD3)2NH,  o-CgH4F2,  F2C=CH2,  and  D2  to  form  the  total  adduct 
negative  ions  as  well  as  with  S02  to  yield  (0C)3Mn(S02)~.  (0C)3Fe'~ 
also  reacted  with  the  neutral  reagents;  MeNH2,  Me2NH,  NMe3,  Et2NH, 
(CD3)2NH,  D2,  and  o-CgH4F2  to  form  the  total  adduct  negative  ions  as 
well  as  with  S02  to  form  a  1:1  mixture  of  (0C)3Fe(S02)"  and 
(OC)2Fe(SO)2*\ 

(0C)3Mn"  reacted  with  the  amines  Me2NH  and  NMe3  to  yield  the 
(adduct-H2)  and  (adduct)  negative  ions,  respectively.  A  deuterium 
labeling  study  involving  (CD3)2NH  revealed  that  the  mechanism  involved 
both  0-H  migration  from  the  amine  methyl  groups  and  N-H  oxidative 
insertion. 

(0C)3Mn"  was  observed  to  react  with  H2OCF2  and  o-CgH4F2  to  yield 
the  (adduct-3C0)  negative  ions.  The  reaction  of  (0C)3Mn"  with  H2C=CF? 
also  gave  the  (adduct-2C0)  and  (adduct-HF)  negative  ions  as  minor 
reaction  products,  while  the  reaction  with  o-CgH4F2  also  yielded  the 
(adduct),  (adduct-CO),  and  (adduct-2C0)  negative  ions.  The  mechanism 
for  formation  of  these  products  was  believed  to  involve  C-F  oxidative 
insertion  which  causes  stepwise  loss  of  CO  ligands. 


(OC)2Fe"  reacted  with  the  amines  MeNFL,  Me^NH,  and  Et2NH  to  yield 
the  (adduct-H2)  negative  ions  and  with  NMe3  to  yield  the  total  adduct 
negative  ion.  N-H  activation  was  proposed  from  the  results  of 
(0C)2Fe"  reacting  with  (CD3)2NH  to  yield  primarily  the  (adduct-HD) 
negative  ion. 

(0C)2Fe*~  reacted  with  o-CgH.F2  to  yield  primarily  (F)2Fe(CgH4)'~, 
as  well  as  the  (adduct)  and  (adduct-CO)  negative  ions.  The  proposed 
mechanism  involved  stepwise  C-F  oxidative  insertion  which  causes 
stepwise  loss  of  CO  ligands. 

Both  (0C)3Mn"  and  (0C)2Fe*"  reacted  with  dimethyl  ether  to  yield 
the  (adduct-H2)  and  (adduct)  negative  ions.  Reaction  of  the  iron 
(adduct-H2)  negative  ion  with  D2  resulted  in  a  single  H/D  exchange 
which  suggested  that  the  structure  of  the  (adduct-H2)  negative  ion  was 
the  Fischer  carbene. 


